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Abstract 
The paper describes a project to design, assemble, and test propulsion, stage separation, 
and recovery systems for a high-powered model rocket. A first-principles model was used to 
evaluate the pressurization produced by the CO2 separation system. A prototype system was 
fabricated and tested. Circuit and coil design for the electromagnetic booster separation system 
was used to minimize the capacitance, reducing vehicle mass. Results of this analysis are 
presented.  Two models were used to evaluate rocket motor performance, one to estimate the 
thrust and specific impulse, and the other the heat transfer rates in the motor. Descriptions of 
these models are presented. Finally, an autorotation recovery system was designed based on 
turbine, helicopter blade, and blade element momentum theories. 
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Chapter 1: Introduction  
Model rockets are identified as belonging to different levels: low power, medium power, 
Level-1, -2, and -3 based on the total impulse range of the motor(s), weight, materials, and other 
factors [3, 4]. Any rocket motor greater than Class-H, meaning it has a total impulse above 320 N-
s, is classified by the National Association of Rocketry (NAR) or Tripoli Rocketry Association 
(TRA) as Level-1 or above. An individual must have a certification in Levels I-III to launch rockets 
of that specific size and impulse. The full classification of motors by impulse will be described in 
Section 1.1.1. 
This Major Qualifying Project (MQP) team was part of the High-Powered Model Rocket 
(HPMR) Program consisting of two additional MQP teams. The goal of the Program was to design, 
integrate, and test fly a high-powered model rocket capable of reaching an altitude of 457.2 m 
(1500 ft). The rocket design and built for the HPMR is a Class-2, based on mass, with design 
options that included two Level-1 motor configurations. 
The objectives of this MQP team were to: design, fabricate, and test the propulsion, staging, 
and recovery subsystems of the HPMR. The HPMR is shown in its final configuration in Figure 
1.1. 
 
 
Figure 1.1. SOLIDWORKS® rendering of the HPMR (left) and physical rocket (right) [1]. 
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1.1 Overview of Model Rocket Systems 
We performed a literature search to learn about the current practice of propulsion, stage 
separation, and recovery in HPMR. We also researched novel methods for each system that have 
been attempted or successfully completed by other universities and rocketry clubs. 
1.1.1 Propulsion 
Rocket propulsion systems utilize Newton’s third law of motion which states that every 
action has an equal and opposite reaction. A typical model rocket propulsion system uses a motor 
to accelerate exhaust gas downward out of the tail end of the rocket. The accelerated gas produces 
a thrust force to accelerate the rocket upward. The motor is ignited at launch using an ignition 
system, and as the propellant burns inside the motor, the chemical reaction (combustion) produces 
hot gases that are accelerated through the nozzle. Model rocket motors use solid, liquid, and hybrid 
propellants [5]; however solid propellants are more commonly used. Propellants are made up of a 
fuel and an oxidizer, which react in a process called combustion. Most solid propellant motors use 
either black powder propellant or composite propellants. Black powder propellants have been used 
since the beginning of model rocketry. Black powder has a similar chemical formulation to 
gunpowder and is typically made from about 75% potassium nitrate, 10% sulfur, and 15% charcoal 
[6]. This propellant is still used in lower power motors today, while composite propellants are used 
in high-powered model rocket motors. Composite propellants are a homogenous solid mixture 
consisting of a fuel and an oxidizer mixed with a rubbery binder. A typical composite propellant 
consists of about 70% of an oxidizer such as ammonium perchlorate, 20% of a high-energy fuel 
such as aluminum, and 10% of binder such as HTPB (hydroxyl-terminated polybutadiene) [7]. 
Composite propellants are a more efficient fuel source because they provide more than three times 
the amount of thrust per unit of propellant mass compared to black powder propellants [5]. The 
larger thrust makes composite propellant motors a better choice for larger rockets designed to reach 
higher altitudes. Rocket motors are single use or reloadable. Reloadable motors require a casing 
and propellant kits to fill the casing with fuel. The initial cost for the casing is often high, but 
reloadable motors are more cost effective than single use motors after four to six uses due to the 
lower costs for propellant reload kits [8]. 
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Most solid propellant rocket motors have the same general components whether they are 
single use or reloadable. The leads of the ignitor wires are located at the bottom end of the motor 
and are linked to the ignition system to fire the motor at launch [8]. The nozzle is also located at 
the bottom of the motor and allows exhaust gas to escape. The nozzle is shaped to accelerate the 
mass flow of the burned gas to supersonic speeds to provide maximum thrust. The solid propellant 
grain, which burns to produce the heated gas, is located upstream of the nozzle; the grain is shaped 
in various ways to provide different burning characteristics and thrust levels during the motor’s 
burn time. Above the propellant grain is the time delay grain as shown in Figure 1.2; the time delay 
grain is a section of low-energy solid mixture that when ignited, produces no gas or thrust. The 
time delay allows the rocket to continue traveling after it has achieved its maximum acceleration, 
prior to ignition of the ejection charge. The ejection charge, typically a pyrotechnic charge, is 
located at the motor’s forward end as shown in Figure 1.2. The ejection charge produces hot gas 
and particles that pressurize the inside of the model rocket’s airframe, eject and jettison  
 
 
Figure 1.2. Reloadable composite rocket motor diagram [9]. Copyright © 2009 Tom 
Sarradet. 
 
the nosecone of the rocket and push the recovery device out of the airframe. Reloadable motors 
have additional components to allow for multiple uses. In addition to the casing, reloadable motors 
have forward and aft closures that keep the hot gas from escaping the motor casing; this ensures 
that the gas exits through the nozzle. As shown in Figure 1.2, the aft closure is located at the bottom 
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of the motor to secure the nozzle piece to the motor casing; the aft closure has a hole that is 
manufactured to allow the nozzle piece to protrude out of the bottom while still sealing the hot gas 
in the motor casing. The aft closure has a larger diameter than the casing, which serves as an engine 
block when inserted into the motor tube [8]. The forward closure, as shown in Figure 1.2, is located 
at the top of the motor and holds the prepackaged delay module and ejection module. 
Rocket motors available for model rocketry are limited to commercially produced motors 
that are certified by the Standards and Testing Committee of the NAR (National Association of 
Rocketry). For a motor to become “certified”, it must pass strict performance and reliability 
standards developed by the NAR and the NFPA (National Fire Protection Association) [3]. To 
assess if a motor follows these standards, extensive testing must be done by one of the three major 
rocketry associations in the United States: the NAR, the TRA (Tripoli Rocketry Association), or 
the CAR (Canadian Association of Rocketry) [5]. Testing ensures that motors are not only safe for 
hobby use, but also deliver the performance, including thrust and impulse, specified by the 
manufacturer to within a specified tolerance. Motor testing results and uncertainties, as well as 
official motor statistics and thrust curve data points, can be found through each association’s 
respective testing committee website [10].  
 
Figure 1.3. Thrust curve of I59WN-P Aerotech motor [11]. Copyright © 2009 NAR 
Standards and Testing. 
 
Manufacturers provide many motor performance statistics for all commercially available 
motors. These parameters include total impulse, maximum thrust, average thrust, burn time, delay 
time, motor diameter and length, and total and propellant mass [8]. In addition, unique thrust 
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curves are published for each motor that specify the thrust at any moment during the burn time. 
Figure 1.3 shows an example of a typical thrust curve that was published by the NAR motor testing 
committee.  
The total impulse is calculated from the thrust curve using Eq. (1-1), where 𝐼 is total 
impulse, 𝐹 is thrust, and 𝑡 is time. 
 
           𝐼 =  ∫ 𝐹𝑑𝑡         (1-1) 
 
To summarize these motor statistics, the NAR motor code was developed to identify any motor 
and categorize motors based on impulse class. An example of a motor code is “I59WN-P.” The 
first letter in the NAR motor code refers to the total impulse delivered by the motor [5]. A motor, 
as seen in Table 1.1, equal to or greater than the Class-H impulse range requires a specified user 
certification of Level-1 or above by the NAR or TRA to be purchased and used. Furthermore, high-
power model rocketeers are required by the NAR to have a Level-1 certification to use motors 
with a high enough total impulse [5]. The first number in the NAR motor code tells you the average 
thrust in Newtons. This number is found by dividing the total impulse by the burn time. Average 
thrust is a useful piece of information for altitude prediction. The number that follows the dash in 
the code is the delay time in seconds, which is the time it takes after burnout before the ejection 
charge is ignited and deploys the recovery device [5]. Some motors do not have ejection charges 
and are used with and alternative recovery methods or as lower stage booster motors [8]. These 
motors are considered a dash-zero type; therefore, the motor code will end with a zero or will not 
include any number for delay time. Finally, the second letter, which could come before or after the 
dash, denotes the propellant type. The letters are often unique to specify a propellant used by a 
certain motor manufacturer, but there are cases where the same letter denotes a different propellant 
depending on the motor manufacturer. The propellant type does not affect motor performance and 
is mostly used to specify the rocket exhaust tail color at launch [8]. 
The motor mount is the part of the rocket that is used to integrate the motor within the body 
tube of the rocket. The motor mount is used to hold the motor firmly in place so that it cannot 
move under high amounts of thrust [5]. In addition, the motor mount holds the motor straight so 
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that it is aligned with the center axis of the rocket’s airframe. The motor mount usually consists of 
the motor body tube and centering rings. The motor body tube holds the motor with a slip fit, 
meaning the diameter of the body tube is slightly larger than the diameter of the motor to allow for 
minimal assembly friction. The centering rings center the motor body tube into the center of the 
 
Table 1.1. Rocket motor impulse classification [12]. Copyright © 2018 Rocketry SA.  
 
airframe. The centering rings have an outer diameter equal to the inner airframe of the rocket and 
an inner radius corresponding to the diameter of the motor body tube. For high-power model 
rockets, the centering rings are usually made of laser-cut plywood for a precise cut and sturdy fit 
within the airframe [8]. The motor mount also needs a form of motor retention to ensure that the 
motor does not move within the motor body tube. This is often accomplished using a motor 
retaining clip/hook in more basic models, which fits in between the motor body tube and the 
centering rings [5]. This prevents the motor from falling out of the motor body tube during 
assembly and following motor burnout when it is not accelerating upward. To prevent the motor 
from flying up into the rocket during deceleration of the vehicle after the propellant is consumed, 
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as well as during stage separation, a thrust ring is often glued to the forward end of the motor. The 
thrust ring has a hole through its center to allow for the ejection charge gas to pass. A thrust ring 
is often not necessary for reloadable motors as the diameter of the aft closure of the motor casing 
is greater than the diameter of the body tube and thus serves as the engine block. Figure 1.4 shows 
an example of a conventional motor mount. 
 
  
Figure 1.4. Motor mount diagram [13]. Copyright © 2018 Apogee Components.  
 
1.1.2 Stage Separation 
Flying a multi-stage model rocket, as discussed by Stine in The Handbook of Model 
Rocketry [5], is commonly referred to as “multi-staging” and refers to use of a rocket which has 
two or more motors that are used in sequence, with some of them jettisoned from the vehicle, along 
with any associated airframe components, following motor burnout. A model rocket with multiple 
stages allows for a lower total vehicle weight during the final burn period by discarding unneeded 
or dead weight. The performance of the rocket is enhanced through the loss of weight, because the 
burnout velocity of the rocket is increased compared to a single-stage rocket. Multi-staging also 
provides a higher total impulse for a rocket using multiple motors. 
   
 
   
  18 
Stage separation is performed in two forms, series and parallel staging. In series staging 
two motors are stacked on top of each other and held together with tape. A similar motor would 
be used to that in Figure 1.2; two motors like those pictured would be stacked on top of each other 
except that the booster motor would not have a delay element or ejection charge. Stine [5] describes 
how, in series staging, the lower portion of the rocket, referred to as the “booster” or “booster 
stage”, operates until booster motor burnout thus accelerating the entire rocket body. Hot gases 
and particles are produced during the operation of the booster. As the propellant burns in the 
booster motor, a layer of propellant remains at the top of the motor which allows the rocket body 
to build up internal pressure. These gases and particles break through the remaining propellant in 
the booster motor as it reaches burnout, and then travel upwards into the second motor’s nozzle. 
The second motor in the upper stage airframe, the “sustainer motor”, is then ignited by the hot 
particles and gases allowing the upper stage to propel the rocket so that it can continue accelerating 
upwards. The booster stage is then released from the model rocket in a stage separation event, 
imparting its total impulse to the upper stage of the rocket. The imparted impulse adds to the 
impulse of the sustainer motor and allows the upper stage to have a larger burnout velocity than if 
it were a single-stage motor only. Because the apogee, or peak altitude, of the upper stage will 
vary as the square of the burnout velocity, significant increases in altitude can be achieved by using 
multiple stages. Stage separation should occur when the model rocket has reached maximum 
velocity using the booster motor rather than maximum altitude. Neglecting aerodynamic forces, a 
model rocket series-staged at the booster’s peak velocity will go twice as high as if staged at the 
booster’s maximum altitude. In series separation, in-flight motor starts can pose a risk as a motor 
that does not function as planned can be a safety hazard. If the sustainer motor does not ignite, the 
ejection method may function at the incorrect time or not at all and the stage may enter free fall.  
When utilizing series staging, motors can touch directly or have a small gap between them. 
Small venting holes, about a quarter inch in diameter, as seen in Figure 1.5, must be made on 
opposite sides of the rocket body just below the nozzle of the sustainer motor for series staging to 
be successful. The air between the two motors is ambient. If no venting holes are present, as the 
hot air and propellant particles from the booster motor rise, they will be blocked by the cooler air 
and not ignite the sustainer motor. The vent holes allow the cooler air to exit the core of the model 
rocket core, and the hot gases to reach the sustainer motor. In larger diameter rockets, vent holes 
also need to be added to the motor mount to prevent premature separation 
   
 
   
  19 
 
Figure 1.5. Gap staging [14]. Copyright © 2018 Apogee Components. 
 
In parallel staging, as Stine also details [5], at launch the booster and sustainer motors begin 
operating. The motor(s) inside the rocket during parallel staging are often referred to as “core 
motors” and are similar to sustainer motors for series staging. This is because these motors are 
located at the center of the configuration of the rocket and typically have a delay element and 
ejection charge for the configuration of parallel staging. The booster stages consist of external 
airframes attached to the main rocket airframe which contain booster motors that are smaller than 
the core motor(s). The external booster motors are selected to have a shorter burn time than the 
core motors to allow the core motor to continue burning after separation. The booster motors are 
jettisoned from the main rocket airframe after burnout. After separation, the core motor continues 
to operate thus accelerating the main vehicle upwards. Parallel staging enables a higher thrust at 
takeoff due to the ignition of multiple motors but igniting multiple motors simultaneously can be 
challenging and pose a risk to proper flight. 
Hot gases and 
particles flow 
upward 
following 
booster motor 
burnout 
Small ports 
below the nozzle 
of the sustainer 
motor 
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Staging can also be categorized as “indirect” and “direct” as detailed in Van Milligan’s 
[14] article about multistage model rockets. Indirect staging of the second stage means that a signal 
produced by an onboard device will trigger the separation event. Indirect staging is used for 
anything other than the ignition of a second black powder propellant motor, such as a composite 
motor or a triggered mechanical separation system event. Indirect staging is necessary for parallel-
staged rockets as the booster and core motors do not touch and are not in-line with each other 
vertically. Direct staging refers to when the hot gases and particles from the booster motor(s) ignite 
the sustainer motor following burnout. Direct staging can occur when the booster and sustainer 
motor are stacked directly on-top of each other as in series staging, or with a small gap in between 
the motors. Direct staging occurs based on the same principles of the flow of hot gas as described 
previously for series staging whether the motors are touching or gapped. 
Both parallel and series staging can be implemented on a single vehicle, as well as direct 
and indirect staging. It is unsafe to launch multistage model rockets in windy conditions as they 
turn easily into the wind (weathercocking). For this reason, model rockets should not be built to 
have more than three stages due to the high risk of weathercocking in even a slight breeze, which 
results in higher rates of failure and decreased safety for bystanders. 
An “ejection system” is a type of separation discussed by Stine and the Huntsville Area 
Rocketry Association (HARA) [14, 15], that must be used for a model rocket to deploy the 
recovery device or any internal payloads. Ejection is executed using ejection charges within 
commercially purchased motors or through custom methods. A common method is using 
pyrotechnic charges, such as black powder, to eject your recovery system. A black powder ejection 
charge is usually contained within commercially purchased motors. The motors ignite the black 
powder charge(s) following the designated time delay for the motor after burnout. The hot gas and 
particles fill the model rocket’s body tube, of volume 𝑉, resulting in a buildup of pressure that 
exerts a force 𝐹 on the bulkhead end of the nosecone, of area 𝐴, which causes it to pop off. The 
force of the pressurized gas is determined by the relationship between force, area, and pressure as 
described by Eq. (1-2). The Ideal Gas Law, Eq. (1-3) is then applied to find the mass of black 
powder, 𝑛, needed to reach that pressure. Various model rocketry organizations have created online 
calculators utilizing these equations to aid in ejection calculations. 
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                    𝑃 =
𝐹
𝐴
                     (1-2) 
 
               𝑛 =
𝑃𝑉
𝑅𝑇 
                     (1-3) 
 
The force necessary to separate a four-inch diameter bulkhead, as reported by HARA, is 
444.8 N to 889.6 N (100 lb. to 200 lb.), which equates to a required pressure of 55. 16 kPA to 
110.32 kPa (8 psia to 16 psia). 
 
Figure 1.6. Ejection PVC canister caps [16]. Copyright © 2018 Apogee Components. 
 
Figure 1.7. Ejection PVC canister caps and plastic charge wells [17]. Copyright © 2018 
Pratt Hobbies. 
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Multiple materials can be utilized to hold black powder charges including a PVC or plastic charge 
well which can be commercially purchased, the corner of a plastic sandwich bag, or rolled blue 
masking tape as seen in Figure 1.6 and 1.7. 
 
1.1.3 Recovery 
Recovery methods have remained relatively unchanged since the 1950s and 60s when 
hobby rocketeers began using rockets for recreation [5]. Multiple groups around that time began 
using deployable parachutes. In 1946, scientists and engineers began to separate the nosecones 
from within German V-2 missiles to keep them from breaking apart on impact. The nosecones had 
parachutes that deployed following separation. The trend towards deployed parachutes not only 
occurred within the model rocketry field, but within rocketry. It was not until the 1980s that NASA 
and other contractors developed the Space Shuttle, a revolution in reusable space systems. 
However, since the space shuttle era there has been relatively little innovation in rocketry, until 
the emergence of SpaceX in 2008 [18].  
Parachute recovery is the oldest and most reliable of the recovery methods. Deployable 
parachutes were first used as a recovery method for model rockets in 1954 [5]. The recovery 
parachute can also be used in addition to the nose-blow method, when the nosecone is attached 
with a shock cord, resulting in the slowest descent speeds out of all the recovery methods. Model 
rocket parachutes are commonly made from polyethylene plastic sheet or film ranging from 
0.00025 in to 0.001 in in thickness [5]. Drogue and spherical parachutes are the most common type 
of recovery parachute used in model rocketry. A drogue parachute is designed for rocket sections 
with smaller masses, the nosecone is an example of a small rocket section, to allow for faster 
descent velocities of about 22 m/s [19]. Drogue parachutes are also designed to deploy before a 
main parachute to lower the descent velocity and stabilize the rocket. In some cases, the drogue 
parachute is used to pull the main parachute out of the tube. Equation (1-4), used to determine the 
diameter of a drogue parachute, is found by equating the vertical cross-sectional area of a model 
rocket body, a rectangle, to the horizontal cross-sectional area of the same model rocket body, a 
circle. This formula is not specific to drogue parachutes, it can be used to find the diameter of 
different shape and sizes of parachutes. The equation is as follows:  
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𝐷 =  √
4𝑑𝐿
𝜋
                     (1-4) 
 
Where 𝐷 is the calculated diameter of the drogue parachute, 𝐿 is the length the rocket, and 
𝑑 is the diameter of the rocket. The calculation of the diameter of a drogue parachute depends on 
the section of the rocket that needs to be recovered. For example, a nosecone with a diameter of 3 
in and length of 10 in requires a 6.18 in diameter drogue parachute. A parachute designed for 
heavier, more fragile rockets is referred to as a spherical parachute as opposed to the smaller 
drogue parachute mentioned previously. The desired descent velocities of spherical parachutes are 
between 4 m/s to 6 m/s [20]. Equation (1-5) is used to determine the area of a round parachute to 
use for a rocket.  
 
                      𝑆 =  
2𝑔𝑚
𝜌𝐶𝑑𝑉2
                    (1-5) 
 
Where 𝑆 is the calculated (projected) area of the parachute, 𝑔 is the acceleration due to 
gravity, 𝑚 is the mass of the descending rocket, 𝜌 is the air density, 𝐶𝑑 is the coefficient of drag, 
and 𝑉 is the descent velocity. The descent velocity 𝑉 is chosen by the user, as mentioned above, 
based on the desired ground-hit velocity for the rocket, rocket section, or payload. The calculated, 
projected circular surface area is used to find the diameter of the spherical chute, using the 
following equation for the area of a circle: 
 
          𝐷 =  √
4𝑆
𝜋
         (1-6) 
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In this equation, 𝐷 is the diameter of the spherical parachute and 𝑆 is the previously 
calculated projected surface area. As an example, the area of a round parachute 𝑆, for a rocket with 
a mass of 1 kg, a chosen descent velocity of 4.5 m/s, and 𝑔, 𝐶𝑑,and 𝜌 values of 9.81 m/s
2, 0.75, and 
1.225 kg/m3 respectively, is 1.05 m2. With this value of 𝑆, to find the diameter of the spherical 
parachute, 𝐷, results in 1.15 m. 
 
1.2 HPMR Program Goals 
The goals of the HPRM Program were shared among the three MQP teams involved (NAG-1901 
[1], JDB-1901 (this report), MAD-1901 [2]). They are:  
• Design, integrate, and fly a reusable, Class-2 high-powered model rocket capable of 
reaching an altitude of 457.2 m (1500 ft) using Level -1 motors. 
• Provide the 21 members of the three MQP teams with a major design experience of a 
moderately complex aerospace system.  
 
1.3 HPMR Program Design Requirements, Constrains, Standards and Other 
Considerations 
The design requirements for the HPMR Program were shared among the three MQP teams 
involved (NAG-1901 [1], JDB-1901, MAD-1901 [2]) and consisted of the following:  
• Use on-board cameras to record video during flight. 
• Use an autorotation recovery system to slow the descent and prevent damage upon impact. 
• Use a CO2 stage-separation system to eject the nosecone and deploy the recovery system. 
• Use an electromagnetic stage separation system to separate boosters from the main rocket 
body. 
• Use actively-controlled, actuated fins to control the trajectory of the rocket to insure 
vertical flight. 
• Use single or clustered, Level-1 main motors, and boosters if necessary, to provide the 
necessary thrust-to-weight for a safe launch, while remaining below the total impulse limit. 
 
The design constraints for the HPMR Program were shared among the three MQP teams and 
consisted of the following: 
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• The overall weight of the rocket must be minimized to ensure a high enough thrust-to-
weight ratio to launch safely and meet project height requirements. 
• The rocket must leave the launch rail at a high enough speed to ensure there is no chance 
of injury to those present at the launch site. 
• Each motor must be able to individually provide a 5:1 thrust to weight ratio off the launch 
rail to provide an adequate safety factor. 
• The dimensions and location of all internal subsystems must be compatible with constraints 
imposed by the height and width of the rocket body.  
 
The design standards imposed by the National Association of Rocketry (NAR) [3] for high-
powered model rockets applied to the three MQP teams and included the following: 
• The rocket is built with lightweight materials (paper, wood, rubber, plastic, fiberglass, or 
when necessary ductile metal). 
• Only certified, commercially made rocket motors are used to launch the rocket. 
• Motors and rocket body materials used were purchased from reputable hobbyist sources. 
• For flight tests, the motors are ignited electronically with commercial ignitors, purchased 
from reputable hobbyist sources. 
• The rocket is launched with an electrical launch system, and with electrical motor igniters 
that are installed in the motor only after the rocket is at the launch pad or in a designated 
prepping area. The launch system includes a safety interlock that is in series with the launch 
switch that is not installed until the rocket is ready for launch and will use a launch switch 
that returns to the “off” position when released. The function of onboard energetics and 
firing circuits will be inhibited except when the rocket is in the launching position. The 
switch is installed and tested before launch. 
• The rocket uses a recovery system to land the rocket safely and undamaged in such a 
manner that it can be flown again. Any wadding used in the recovery system is flame-
retardant. For the test launch, this consisted of an appropriately sized parachute. An 
autorotation recovery system was designed for later launches.  
 
The following design considerations for the HPMR Program were shared among the three MQP 
teams and included the following: 
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• Safety: A primary consideration during construction, integration, and launch, for both the 
MQP teams and the public. 
• Simulation of possible landing places to insure the safety of not only the project 
teams, but also the launch site. 
• Thrust-to-weight ratio: Designed to be relatively high, to insure safe levels and 
guarantee the rocket maintained a vertical orientation after leaving launch rail. 
• Proper disposal of partially burned motors to insure safety and minimize 
environmental impact. 
• Social impact: The broader impacts of model rocketry as a hobby was researched by the 
individual teams with findings described in the individual reports. 
• Environmental factors: Means of limiting potential environmental impact of model 
rocketry (e.g. material disposal, damage during launch and flight mishaps) was researched 
by the individual teams with findings described in the individual reports. 
• Community outreach: considered to potentially engage those wishing to learn more about 
STEM related topics explored with this project. 
  
1.4 HPMR Program Management and Budget  
The HPMR Program consisted of three separate MQP teams, each responsible for different 
aspects of the Program. 
The Mechanical, Structural, Aerodynamic, and Thermal (MSAT) MQP team (NAG-1901 
[1]), with 8 members, was responsible for the physical assembly and mechanical integration of all 
subsystems designed by the other teams. The MSAT MQP had the responsibility of ensuring all 
other teams were aware of the spatial limitations inside the rocket that would affect their subsystem 
designs. The MSAT MQP also performed structural, aerodynamic, and thermal analysis on the 
various subsystems inside the HPMR to make sure everything worked cohesively, and to confirm 
that nothing would be damaged during a launch. 
The Propulsion, Staging, and Recovery (PSR) MQP team (this report: JB3-1901), with 8 
members, was responsible for the design of the propulsion, staging, and recovery subsystems of 
the HPMR. The PSR MQP team performed analysis on motor sizing to choose the appropriate 
motors for the rocket and determined a parachute size that would return the rocket to the ground 
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at a safe velocity. An autorotation recovery subsystem was also designed, which was meant to 
replace the parachute. The PSR MQP team also designed the systems that would separate the 
nosecone section from the rocket body (black-powder and eventually CO2) and the system that 
attaches/separates the boosters from the main body via electromagnets. 
The Flight, Dynamics, and Control (FDC) MQP team (MAD-1901 [2]), with 5 members, 
was responsible for the design of the avionics for control and dynamic stability of the HPMR. For 
the first launch the FDC MQP team had to ensure parachute ejection at apogee as well as dynamic 
stability of fin design. While communicating with MSAT they were given maximum electronics 
bay dimensions to ensure sufficient volume for parachute and motors. 
The three MQP teams met weekly with each of the faculty advisors involved as a 
conglomerate organization titled the Systems Engineering Group (SEG). Each week, the MQP 
teams presented an update of the past week’s activities, discussed open action items between the 
teams, and sought input from the faculty advisors. 
Funding for the construction of the rocket was provided by the WPI Aerospace Engineering 
Department. Per school policy, each student was allotted $250 for use in the project. With 21 
students, the budget for the construction of the rocket totaled $5250. The total funds were split 
between the three MQP teams comprising the HPMR Program. The MSAT and PSR teams each 
had 8 members, corresponding to a budget of $2000 each. The Controls team received the 
remaining funds for its 5 members, with $1250. Overall, the SEG spent $1,947.94 in development 
of the rocket. The full cost breakdown can be seen in Appendix B. 
The Code of Ethics for Engineers (National Society of Professional Engineers) states that  
“Engineers, in the fulfillment of their professional duties, shall:  
 
1. Hold paramount the safety, health, and welfare of the public. 
2. Perform services only in areas of their competence.  
3. Issue public statements only in an objective and truthful manner.  
4. Act for each employer or client as faithful agents or trustees.  
5. Avoid deceptive acts. 
6. Conduct themselves honorably, responsibly, ethically, and lawfully so as to enhance the 
honor, reputation, and usefulness of the profession.” 
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The first canon is especially relevant to this project, since model rocketry can be a 
dangerous hobby if certain regulations are not strictly followed. The HPRM Program took this 
canon very seriously, by adhering to all FAA and NAR guidelines and regulations throughout the 
design process, as well as by following all guidelines set forth by the executive staff at the launch 
site. 
The second canon was addressed partially by placing students in each MQP team that they 
would be most interested and qualified for, thus creating a project wherein students are performing 
work in their area of expertise. 
The third and fourth canons are less relevant to the HPMR Program, since there were no 
public statements to be issued; nor were there separate employers to speak of.  
The fifth and sixth canons are covered by WPI’s Academic Honesty Policy, which all three MQP 
teams (and all MQPs) must follow. 
 
1.5 MQP Objectives and Methods 
Objectives of the MQP 
1. Analyze and perform top-level design of a propulsion system for a Class-1 rocket 
o Evaluate arguments for and against core motor clustering 
o Estimate the thrust/impulse generated by off-the-shelf rocket motors using a 
reduced order, steady state combustor model 
o Estimate the heat transfer rates from the burning propellant grain to the rocket 
body 
2. Design, build, and test a pressurized carbon dioxide stage separation system 
o Simulate the operation of the carbon dioxide pressurization system using a 
transient flow model 
o Design a cost-effective, reliable, and reusable system for carbon dioxide stage 
separation 
3. Design, build, and test an electromagnetic booster separation system 
o Optimize the electromagnetic stage separation system used in the WARRIORS I 
MQP [21] with respect to mass and power 
o Design and fabricate a reliable and reusable system for electromagnet stage 
separation 
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4. Design an autorotation blade system for rocket descent and recovery 
o Research helicopter and wind turbine blades; and blade element theory 
o Use MATLAB® and the software package XFLR5 to analyze forces produced by 
blades 
 
1.6 MQP Tasks and Timetable 
The MQP tasks were organized and tracked using a Gantt chart where each team member 
could update their progress. The Gantt chart can be found in Appendix C. 
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Chapter 2: Propulsion 
2.1 Background 
Often, it is quite simple to select a single rocket motor that generates enough thrust and 
total impulse to propel the rocket to the desired height. However, it is possible to use multiple 
motors as an advanced propulsion system, as strategy known as “motor clustering” in the hobby 
rocketry community. Motor clustering makes motor selection and configuration more complicated 
and significantly increases the importance of having a reliable ignition system, so motor clustering 
is rarely attempted in hobby rockets. Therefore, this project presented an opportunity for further 
research, testing, and construction of a clustered motor propulsion system to determine motor 
clustering’s feasibility and advantages compared to a single motor configuration.  
 
2.1.1 Engine Clustering 
Motor clustering is the practice of using multiple motors for a propulsion system. Motor 
clustering can be implemented by using multiple motors as the main propulsion system in the 
rocket airframe or by using multiple motors as boosters outside of the main propulsion system. 
Motor clustering is less common in model rockets due to the higher complexity involved; however, 
the practice does offer some incentives and academic merit. 
The configuration and ignition of clustered motors are key factors for a successful rocket 
launch. No matter how many motors are being clustered, the motor configuration needs to have 
symmetry about the center axis of the rocket [22]. This is true when a multiple of the same motor 
or two or more different motors are being used. Motors that are clustered for the main propulsion 
system should be arranged as close to the center axis as possible. Maintaining symmetry and 
locating the motors as close as possible to the central axis are two strategies to minimize the 
possibility of generating torque about the center of gravity of the rocket, which would lead to major 
stability problems during launch [22]. Figure 2.1 shows examples of typical clustered motor 
configurations for the main propulsion about the center axis. Booster motors can be arranged 
outside the airframe of the rocket; however, this means the booster motors are much farther away 
from the center axis compared to the main propulsion system. As a result, clustering external 
booster motors increases the risk of generating unwanted torque on the rocket. Therefore, booster 
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motors should not exceed a “moderate” total impulse (E-G impulse class) so that the risk for torque 
is minimized [22]. The simultaneous ignition of all clustered motors is also essential to minimize 
the effects of torque. If just one motor is not ignited at the exact moment that all the other motors 
are ignited, a torque may be produced that is large enough to substantially change the orientation 
of the rocket at launch. Therefore, the number of motors clustered should be minimized to reduce 
the risk of generating torque at launch due to ignition unreliability [22]. 
 
 
 
Figure 2.1. Motor clustering configurations [22]. Copyright © 2012 National Association of 
Rocketry. 
 
Motor clustering requires a few modifications to model rocket hardware and analysis 
compared to conventional single motor propulsion systems. In the case of motor clustering, there 
are several modifications that need to be made to the motor mount. Each motor needs its own 
motor tube, and each motor tube needs a slot in the centering rings to allow for a secure fit. The 
centering rings will thus need to be designed to match the configuration of the motor cluster. Figure 
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2.2 shows an example of an optimal centering ring and motor body tube design for three clustered 
motors as the main engine. In addition, to analyze the characteristics of the overall propulsion 
system, a composite thrust curve will need to be generated that adds the thrust curves of all 
individual motors. Motor selection will change the average thrust, maximum thrust, and burn-time 
of the entire system. The total impulse can simply be calculated by adding the delivered impulse 
of all the individual motors [22].  
 
 
Figure 2.2. Motor mount for three clustered motors [23]. Copyright © 2018 Rocketarium.  
 
Although motor clustering is a higher-risk option compared to using a single motor, there 
are some incentives that make motor clustering a worthwhile propulsion option. First, motor 
clustering adds both the total impulse and thrust of each individual motor. For long-burn motors 
with lower average thrusts, this can be a useful way to provide a higher average thrust to accelerate 
heavier rockets if long-burn motors are desirable [22]. Also, this additive property allows for more 
flexibility in terms of combining the total impulses of each motor to achieve the optimal total 
impulse. Clustering motors can also be used to decrease the required length of the airframe. For 
example, clustering 3 H motors can provide comparable total impulse and thrust values to a single 
I motor, but the length of the H motors is only 1/3 of the length of the I motor [8]. Therefore, motor 
clustering can decrease the required length of the motor section and help create space within the 
airframe for other rocket subsystems. Motor clustering is also a way to model some aspects of the 
propulsion system used in actual launch vehicles, such as NASA’s SLS (Space Launch System) t, 
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which will cluster four RS-25 engines as well as two boosters [24]. Therefore, there is academic 
merit in investigating and successfully launching a model rocket with clustered motors.  
However, along with the risks of torque and non-simultaneous motor ignition, there are a 
few downsides to motor clustering. Motor clustering can often weigh more than just a single motor 
system. This is due to the increased mass of all the motor propellants and the mass of multiple 
motor casings. Therefore, this can increase the mass of the rocket and decrease the amount of 
acceleration generated from the motors during launch [24]. In addition, the cost of multiple 
propellant kits and motor casings is almost always more expensive than a single casing and 
propellant kits for a single motor [24]. In conclusion, if one has a reliable ignition system, a proper 
motor configuration, and a large enough budget, motor clustering can be an innovative alternative 
to using a single motor as a propulsion system.  
 
2.1.2 Ignition Systems 
There are several types of ignition systems used in rocketry on both the recreational and 
industrial level. For hobby rocketeers, the most common types of ignition systems include the use 
of electronics, ignition powders, and/or pyrogens [25]. Alternative methods of ignition systems 
include low-current systems, mini-bulbs, hot particle igniter compounds, and nitrate-based 
compounds for hybrid propellant systems [26]. 
One system relies on black powder, which is available commercially, but some rocket 
hobbyists make their own custom powders. Richard Nakka, author of an extensive experimental 
rocketry website, uses a custom black powder made of 20% charcoal and 80% potassium nitrate 
[26]. Commercial powders often include sulfur to make ignition easier, but it can also be more 
dangerous, as the propellant is more likely to be accidentally ignited. Electric ignition systems, 
often referred to as an “electric match”, use a resistive metal wire dipped in pyrogen, which is a 
highly flammable material, usually consisting of a fuel mixed with an oxidizer [26]. When the wire 
heats up to a certain temperature, the pyrogen ignites and releases energy as heat to the propellant, 
which begins the burning process near instantaneously. This process allows for energy dissipation 
between the battery and the igniters [26]. The range safety officer at a launch site will provide the 
power switch, battery, and wires to connect to our own resistive wires. 
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An electronic ignition system and its wire are analogous to a lightbulb and its filament. A 
lightbulb’s filament gives off energy in the form of light and heat once it passes through the red-
hot phase to the white-hot phase, while an igniter is designed to produce enough energy as heat, 
rather than light, to ignite the combustible pyrogen compound [25]. The extreme heat melts and 
vaporizes the wire in the process, similar to a filament wire breaking once the bulb is “dead.” Once 
the pyrogen ignites and reaches a high enough temperature, it throws bits of hot material into the 
propellant and starts the burning process [25]. 
A common wire material for the resistive wire is nichrome, a nickel-chromium alloy [25]. 
Nichrome has a high resistivity compared to the lead wire used at the launch site to supply power 
from the battery, typically copper. The effectiveness of a wire used in an ignitor is determined by 
the material, diameter, length, current running through the wire, and its heat dissipation capability, 
which is determined by its resistivity, diameter, and length. The wire is dipped into a pyrogen, 
which ignites and then, in turn, ignites the rocket motor grain as described above [25]. Ideally, all 
heat from the igniter is transferred to the pyrogen, but as in all real processes, some heat is lost 
from the system through dissipation. Because the lead wires are often made of copper, which has 
an excellent conductivity, most of the thermal dissipation occurs in the nichrome wires [25]. There 
is a voltage drop through the lead wires when current is flowing however, so the shorter the wires 
are, the more efficient the system is because there is less length along the wire for these ohmic 
losses. The lead wire, connecting the igniter to the control box and battery system, are typically 
made of a material with low resistance (a material with properties similar to copper is common) 
and should be thicker than the wire coated with pyrogen [27] to further minimize the voltage drop 
 
2.1.3 Static Testing 
In industry, rocket engines are tested statically on the ground under controlled conditions 
to ensure engine quality before flight. Static testing is inexpensive compared to in-flight testing 
due to the risk of systems being lost or damaged in flight. More importantly, the ability to model 
the performance of a rocket engine is necessary for the analysis of its behavior. Because the tests 
are placed under controlled conditions, parasitic forces such as gravity and wind are treated as 
negligible in these static tests. In addition to filtering out these forces under controlled conditions, 
several performance characteristics can be isolated and determined from these tests including, but 
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not limited to, a fully generated thrust curve from which total, average, maximum and minimum 
thrust can be determined, as well as total and specific impulse, exhaust velocity at design, the exit 
pressure, and any burn rate predictions [28].  
To statically test rocket engines of any magnitude, there must be a rigid fixture for the 
engine to be mounted on. This ensures stability when isolating performance characteristics. The 
orientation of the rocket can either be horizontal or vertical. A pressure transducer and load cell 
are required to measure the amount of force that the accelerated gases produce. A data acquisition 
module is used to capture these data in a digital format so that it can be processed by a computer. 
Filtering any vibratory noise with signal filters and amplifiers along with the calibration of the 
sensors and acquisition modules is additively crucial to obtain data that are worth analyzing. Safety 
precautions must be taken during these tests to ensure protection from hazardous material. These 
precautions include a minimum distance requirement, a blast hood for shielding, and a controlled 
ignition system. 
 
Figure 2.3. WARRIORS III static test mount [29]. Copyright © 2008 WARRIORS III.  
 
Projects such as the Major Qualifying Project (MQP) WARRIORS III [29], drew from 
these concepts for their own static tests of a hybrid model rocket engine as seen in Figure 2.3. In 
these tests, the team’s rocket engine was mounted to a beam which acted as a rail for the engine to 
be guided to the load cell used to record the thrust force.  
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The design faced some obstacles, such as fact that the weight of the motor mount produced 
torque on some of the hardware which caused friction when sliding on the rail. This resulted in 
inconsistent contact with the load cell and therefore errors in measurement. 
 
2.1.4 Zero-dimensional (0D) Combustion Model 
An important contribution to the propulsion system analysis was to provide a steady state 
zero-dimensional (0D) combustion model of the rocket motor. A 0D model is a steady state model 
that has no time dependency. A steady-state model further restricts conditions of the physical 
combustion process and implies that the system is in chemical equilibrium. The objective of the 
0D model is to estimate important motor properties, such as average thrust and specific impulse, 
using basic physics principles. These physics principles include those related to compressible fluid 
mechanics in nozzles and the resulting effects on thrust and specific impulse of a rocket motor. 
This 0D model assumes that the propellant grain produces heated gas in a single step process, 
ignoring many of the multi-phase and chemical kinetic aspects that are true in a realistic solid 
motor propellant combustion process. This assumption is necessary because it is very difficult to 
model the exact chemic process that takes place in the combustion chamber. In addition, the exact 
chemical composition of the rocket motor propellant is not known as these data were not usually 
published by the motor manufacturer. Therefore, there are techniques that can be used to estimate 
the chemical composition of the propellant grain, as well as the chemical composition of the 
propellant grain combustion products. 
A typical high-powered rocket motor propellant consists of approximately 20% fuel and 
polymer binder, and about 80% oxidizer. It is common for the fuel in model rocket motors to be 
aluminum, while the oxidizer is ammonium perchlorate. Combustion modeling requires an 
estimation of the chamber conditions, such as temperature and pressure. Also required are the 
composition of the combustion reactants (propellant) and products (heated gas) corresponding to 
these conditions. It is assumed in the 0D model that the composition of the solid propellant is 100% 
ammonium perchlorate, as this species is most of the propellant. This assumption allows for many 
simplifications when it comes to computing the composition and properties of the combustion 
product. Thermodynamic properties useful to this combustion process include temperature, 
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pressure, density, molecular weight, heat capacity at constant pressure, heat capacity at constant 
temperature, and the mole and mass fractions of each individual product species. Knowing the 
mole fraction of the product mixture, the ideal gas law can be used to determine the thermodynamic 
properties of the burned gas [7].  
 Cantera is an open-source software toolkit that solves problems involving chemical 
kinetics, thermodynamics, and transport processes. Cantera can be imported into Python or 
MATLAB® and can be used to solve for thermodynamic properties of species undergoing a 
chemical reaction given specified initial conditions. For chemical equilibrium processes, the initial 
temperature, pressure, and mole fraction of the reactant species must be specified. The 
thermodynamics properties of the products (resulting from the chemical reaction) that can be 
computed from Cantera include the final composite temperature, pressure, density, molecular 
weight, heat capacity at constant pressure, heat capacity at constant temperature, and the mole and 
mass fractions of each individual product species [30]. The chemical equation for the combustion 
of ammonium perchlorate can be simplified according to Eq. (2-1). However, a more accurate 
chemical composition for the combustion products can be computed using Cantera. A diagram of 
the combustion process, which includes the burn rate and the mass flow rate of the combustion 
products produced are shown in Figure 2.4.  
 
   1𝑁𝐻4𝐶𝑙𝑂4(𝑠)
              
→    
3
2
𝐻2𝑂 (𝑔) +
5
4
𝑂2(𝑔) + 1𝐻𝐶𝑙 (𝑔) +
1
2
𝑁2(𝑔)                   (2-1) 
 
 
Figure 2.4. 0D model combustion chamber and nozzle diagram. 
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2.1.5 Heat Flux Modeling and Simulations 
COMSOL Multiphysics a finite element analysis (FEA) solver and simulation software 
that uses physics-based user interfaces and coupled systems of partial differential equations [31]. 
Using a combination of physics modules in COMSOL allows for coupling effects that are often 
not possible in most FEA software. In particular, the heat transfer and computational fluid 
dynamics (CFD) modules in COMSOL can be coupled to simulate “conjugate” heat transfer. 
Conjugate heat transfer refers to the combination of heat transfer in solids and fluids through both 
conductive and convective heat transfer. Conductive heat transfer refers to the transfer of thermal 
energy from an area of higher atomic or molecular kinetic energy to an area of lower kinetic energy 
through molecular collisions. Conductive heat transfer can be described with respect to the 
temperature gradient between two cross sections and can be expressed through Fourier’s Law for 
time independent problems as seen in Eq. (2-2), 
 
          𝑞 =  −𝑘𝛁𝐓             (2-2) 
 
where 𝑞 is the heat flux (energy flow per unit area, per unit time), 𝑘 is thermal conductivity, and 
𝛁𝐓 is temperature gradient. Convective heat transfer is caused by the combined transport of 
thermal energy due to the dissipative, or conduction, process just described, in addition to an 
advective contribution, i.e. carried by a fluid with some bulk, or average, velocity. Depending on 
the thermal properties on the fluid and on the flow regime, either the advective or the conductive 
heat transfer can dominate. The viscous effects of the fluid flow can also produce fluid heating; 
however, this contribution is negligible for fluid flows with a low magnitude velocity field. For 
time-independent, inviscid conductive and convective heat transfer in a fluid, these effects can be 
described by Eq. (2-3), 
 
 
                                       𝜌𝐶𝑝(𝒖 ⋅ 𝛁𝑻) =  𝛼𝑝𝑇(𝒖 ⋅ 𝛁𝑷) +  𝛁 ⋅ (𝑘𝛁𝑻) +  𝑄                               (2-3) 
 
 
where 𝜌 is density, 𝐶𝑝 is specific heat capacity at constant pressure, 𝒖 is velocity, 𝛼𝑝 is convective 
heat transfer coefficient, 𝛁𝑷 is the gradient of pressure, and 𝑄 is heat source/sink flux [32]. 
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The laminar flow module in COMSOL couples the Navier Stokes Equation and the 
Continuity Equation. The partial differential equation of the Navier Stokes Equation that 
COMSOL uses to apply the conservation of momentum principle in fluid flow is, 
 
               𝜌(𝒖 ⋅  𝛁)𝒖 =  𝛁 ⋅ [−𝑃𝑰 +  𝜇(𝛁𝒖 + (𝛁𝒖)𝑇) −
2
3
𝜇(𝛁 ⋅ 𝒖)𝑰] + 𝑭          (2-4) 
 
where 𝜌 is density, 𝒖 is velocity, 𝑃 is pressure, 𝜇 is dynamic viscosity, 𝑰 is identity matrix, and 𝑭 
is external force. The continuity equation is the conversation of mass for fluid flow and is 
expressed by the following partial differential equation in COMSOL, 
 
       𝛁 ⋅ (𝜌𝒖) = 0              (2-5) 
 
where 𝜌 is density and 𝒖 is velocity. COMSOL also uses additional equations for specific boundary 
conditions that can be applied. For both the thermal insulation and outflow boundary conditions, 
the following equation is used to make the derivative of heat (heat flux) through the boundary 
equal to zero, 
 
                  −𝒏 ⋅ 𝒒 = 0              (2-6) 
 
where 𝒏 is the unit normal to the boundary and 𝒒 is heat flux. For a wall boundary condition, the 
following equation is used to specific that there is no fluid flow through the boundary, 
 
         𝒖 = 0             (2-7) 
   
 
   
  40 
where 𝒖 is velocity. For a one-dimensional inlet boundary condition, the following equation is 
used to specify the magnitude and direction of the inlet flow, 
 
           𝒖 = 𝑈0𝒏                (2-8) 
 
where 𝒖 is velocity, 𝑈0 is the velocity magnitude specified by the user, and 𝒏 is the unit normal to 
the boundary. For an outlet boundary condition, the following equation is used as a modified 
Navier Stokes equation with no additional external force term 
 
[−𝑃𝑰 +  𝜇(𝛁𝒖 + (𝛁𝒖)𝑇) −
2
3
𝜇(𝛁 ⋅ 𝒖)𝑰] 𝒏 =  −𝑃0𝒏                     (2-9) 
 
where 𝜌 is density, 𝒖 is velocity, 𝑃 is pressure, 𝜇 is dynamic viscosity, 𝑰 is identity matrix, 𝑃0 is 
the pressure specified at the outlet by the user, 𝒏 and is the unit normal to the boundary. For a 
specific temperature boundary condition, COMSOL uses the equation 
 
      𝑇 = 𝑇𝑜      (2-10) 
 
where 𝑇 is temperature and 𝑇𝑜 is the specified temperature by the user. For a volumetric heat source 
domain condition, COMSOL uses the equation 
 
     𝑄 =  𝑄0      (2-11) 
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where 𝑄 is volumetric heat flux and 𝑄0 is the specified volumetric heat flux by the user. The 
specified  𝑄0  can be calculated using the equation, 
 
𝑄0 =  ?̇?𝐶𝑝∆𝑇       (2-12) 
 
where 𝑄0 is volumetric heat flux, ?̇? is mass flow rate, 𝐶𝑝 is thermal conductivity at constant 
pressure, and ∆𝑇 is the average temperature of the flame.  
 
2.2 Methodology 
The primary design considerations for propulsion involved selecting a motor configuration 
and ignition system that would successfully ignite the engine during launch. The two medium risk 
strategies that were investigated were (1) clustering multiple motors as the main engine in the 
rocket’s airframe and (2) using booster motors in addition to the main engine. The added 
complexity and academic merit of using these higher risk strategies were weighed against the low 
risk option of using a single motor as the main engine in the rocket’s airframe. To coincide with 
the goals of the project, we chose to incorporate both medium risk strategies by clustering multiple 
motors inside the rocket airframe and using multiple exterior booster motors to form an innovative 
model rocket propulsion system. This propulsion system required modifications to a conventional 
motor mount and ignition system for a single motor, and so the motor mount and ignition system 
also factored into our overall system design. To expand on the academic merit of investigating an 
advanced propulsion system for a model rocket, we also attempted to model the heat flux and 
compressible flow within a composite propellant motor. This level of modeling and analysis is rare 
in the model rocketry community, and so there was additional incentive to conduct this modeling 
as an academic exercise. Once we selected our design choice of clustered main engine motors as 
well as using boosters, it was possible to state the objectives for the propulsion system: 
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• Select a motor configuration that provides adequate thrust and total impulse to achieve an 
altitude of at least 1500 feet, as well as provide symmetry about the rocket’s center axis for 
stability. 
• Design and construct an ignition system that ignites all motors simultaneously from the 
launch pad.  
• Design and construct a motor mount that secures and orients all main engine motors about 
the center axis of the rocket airframe.  
• Create models that can be used to investigate: 1) the composition of the motor combustion 
product gases, 2) the sensitivity of the propellant mass flow rate and required nozzle throat 
size to chamber temperature and pressure, and 3) = the heat flux from the motor to the 
surrounding structure. 
 
2.2.1 Engine Clustering 
To begin selecting our clustered motor configuration, we first researched commercially 
available motors certified by either the NAR, TRA, or CAR1. We primarily investigated rocket 
motors manufactured by Aerotech and Cesaroni. These companies are two of the largest 
manufacturers of high-powered composite rocket motors. They provide a variety of single-use and 
reloadable motor types in almost all impulse class ranges, which gave us many options to choose 
from. We decided to aim for a motor configuration that allowed for the highest total impulse 
consistent with our certification level (Level-1), that would also satisfy our flight objectives to 
reach an altitude of over 1500 feet. A member of our team had a Level-1 NAR/TRA certification, 
and therefore, our total impulse limit for this certification was 640 N·s.  
While researching motors, we also investigated the incentives of using motor clustering as 
an advanced alternative to using a single motor. We developed an impulse-mass trade study to 
                                                          
 
 
 
1 National Association of Rocketry, Tripoli Rocketry Association, and Canadian Association of Rocketry, 
respectively 
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determine the tradeoffs of motor clustering versus a single motor. This study compared the total 
impulse and mass of several configurations of multiple G and H motors to the total impulse and 
mass of a single I motor. This impulse-mass trade study can be found in Appendix A. We predicted 
that using multiple motors would add additional casing mass, thus the impulse-to-mass ratio for a 
clustered motor propulsion system would be less than that of a single motor. From this study, we 
determined that the clustering of H motors would be the most viable compared to clustering G or 
lower impulse motors. We also deduced that the impulse-mass ratio for multiple H motors was 
only slightly less than that for a single I motor. According to our study, the average impulse-to-
mass ratio for a three H motor cluster was 0.859 N·s/kg, compared to the average impulse-to-mass 
ratio of 0.891 N·s/kg for a single I motor. Another incentive for using H motors was that the length 
of an H motor is up to three times less than the length of the highest impulse I motor; this allowed 
for a shorter motor section, resulting in more room for other rocket subsystems and minimizing 
the length of the rocket.  
Once we finalized our decision to use motor clustering as a propulsion system, we began 
researching the best motor configuration. In addition to clustering motors for the main engine in 
the rocket airframe, we also planned to use booster motors in parallel to utilize an electromagnetic 
booster separation system. Therefore, the maximum total impulse of 640 N·s would have to be 
split between the main engine motors and the booster motors. For our main engine, we decided to 
cluster three motors together about the airframe’s center axis. A three-motor cluster allowed for 
radial symmetry about the center axis, which was desirable to minimize unwanted torques 
generated by deviations in the thrust and burn time of particular motors. Clustering two or three 
motors for the main engine also offered the most ignition reliability, since using additional 
clustered motors leads to a greater probability of non-simultaneous ignition. For our first launch, 
we did not use our booster motors - only the main engine’s three motors. We intended to launch 
the three motors alongside our boosters for our second launch, however we were not able to launch 
again. 
Primarily, we researched reloadable motors due to the flexibility it gave us with our choice 
of stage separation mechanism. We did not need the ejection charge that comes with most rocket 
motors because we planned to use a CO2 separation system. Reloadable motors come with an 
ejection charge module that is separate from the propellant and delay grain; thus, it is optional to 
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use the ejection charge with reloadable motors. This offered an easy way to “plug” the motor 
simply by not loading the ejection charge in the motor casing. We used a plugged forward closure 
that was manufactured specifically for plugged motors instead of using a regular forward closure 
as a cap for the reloadable motor casing.  
 
Table 2.1. Motor statistics for Aerotech H73J and D9W motors 
Parameter Variable Name Value Units 
V0 Inlet Velocity 2 m/s 
Tf Flame Temperature 2354 K 
Ta Ambient Temperature 298 K 
P1 Outlet Chamber Pressure 2.0684e7 Pa 
Q0 Volumetric Heat Source 35138.5 W/m2 
 
From our impulse-mass trade study, we decided that clustering three H motors for the main 
engine would give a greater impulse-mass ratio than clustering three G motors. According to our 
study, the average impulse-to-mass ratio for a three H motor cluster was 0.859 N·s/kg, compared 
to the average impulse-to-mass ratio of 0.699 N·s/kg for a three G motor cluster. H motors have a 
total impulse that range from 160-320 N·s, and therefore clustered H motors could have a total 
impulse range from 480-960 N·s. Since our total impulse limit for Level-1 certification was 640 
N·s, we decided to use three identical H motors at the lower end of the H class total impulse 
spectrum. We decided to use the Aerotech H73J motor with a total impulse of 185.6 N·s and 
combined total cluster impulse of 556.8 N·s. With a margin of approximately 80 N·s before we 
reached the total impulse limit, we decided to use four D motors at the higher end of the D class 
for the boosters. We selected the Aerotech D9W motor with a total impulse of 18.76 N·s and 
combined total (booster cluster) impulse of 75.04 N·s. Also, there is an advantage to using D 
motors as booster motors to minimize potential torques caused by the booster motors. The stability 
of the rocket is quite sensitive to deviations in the thrust and burn time of the booster motors 
because the boosters are located relatively far from the center axis of the rocket (~6.35 cm). The 
overall motor configuration, three main engines plus four boosters, thus gave us a total impulse of 
631.84 N·s, just under the 640 N·s limit. The motor statistics for the H73J and D9W motors are 
given in Table 2.1. In addition, the composite thrust curve for the first launch (three H motors) and 
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second launch (three H motors and four D motors) are shown in Figure 2.5 and Figure 2.6 
respectively, which we generated in Microsoft Excel and MATLAB®, respectively [33]. 
 
 
Figure 2.5. Thrust curve for first launch (3 H motors). 
 
Figure 2.6. Thrust curve for second launch (3 H and 4 D motors). 
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Once the motor configuration was selected, we were tasked with modifying a typical motor 
mount design to hold the three H motor cluster in the main airframe of the rocket. Because each 
Aerotech H73J motor required an RMS (Reloadable Motor System) 38 x 240mm casing, we cut 
38 mm diameter paper tubing into three 240mm sections as body tubes for each motor. Next, a 
typical centering ring model needed to be modified to align the three motor body tubes with radial 
symmetry about the center axis of the airframe. We needed to consider the diameter of the aft 
closures for each motor casing because the diameter of the closures was greater than the diameter 
of the casing. The three 38 mm holes in the centering ring were spread out from the center to 
account for this, so that they were equidistant from the center and outer diameter of the centering 
ring. In addition, two of the three centering rings needed to have a slightly smaller overall diameter 
to account for the increased thickness of the rocket airframe towards the lower end of the motor 
section. We manufactured the centering rings from plywood using the laser-cutter in the WPI 
Washburn manufacturing lab. The CAD model for the centering rings is shown in Figure 2.7. We 
assembled the motor from the RMS 38 x 240 mm casing, the 38 mm plugged forward closure and 
aft closure, as well as the propellant grain, delay grain, and the igniters from the H73J propellant 
kit. The motors were assembled prior to launch date and then inserted and secured into the motor 
body tubes at the launch site.  
 
Figure 2.7. Centering ring for main engine motor cluster. For scale, the diameter of each of 
the three holes is 38 mm. 
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2.2.2 Igniter Systems 
The commercial motor kits we investigated all include appropriate igniters for launching. 
Our plan was to use electric match “e-match” igniters to initiate the stage separation process for 
our first launch attempt, before implementation of the CO2 separation system on later launches. 
One solution was to construct our own igniters. The igniters that came with the H73J and D9W 
motors are e-match igniters of the type described in Section 2.1.2, which also work for the stage 
separation ejection charge. We further investigated how to manufacture those ourselves. 
The two key components of the electric match igniter are high-resistance wire and a 
pyrogen tip. Many premade igniters use nichrome wire, so we investigated what type of nichrome 
wires and what type of pyrogen dips were available from Apogee Components. They offer 28 
AWG (0.321 mm diameter) and 32 AWG (0.202 mm diameter) nichrome wire with an electrical 
resistance of 4.04 Ohm/ft and 10.871 Ohm/ft respectively. The 32 AWG wire was ordered to have 
an option with a higher resistance in order to generate more heat. For the pyrogen dip, they offer 
a QuickDip compound which burns slowly, similar to a sparkler, and an H-3 compound which is 
more sensitive to heat and will ignite much quicker. Both pyrogen dips consist of a powdered fuel 
and oxidizer, the H-3 dip additionally included a vial of binding agent. We decided to use the H-3 
Compound for our igniters. 
Construction of the ignitors consisted of the following steps. First, we measured out equal 
lengths of wire to ensure heat transfer to the pyrogen at the same rate for a given current. For the 
ejection charge testing, we used wire segments 254 mm long, but for the motors themselves, the 
igniters must run through the length of the fuel grain (240mm), so we needed 480mm segments 
for the motors. The pyrogen came as three separate components - a fuel, a binder, and an oxidizer. 
Shipping the components separately reduces shipping hazards that would exist if the components 
were provided as a pre-mixed, flammable mixture. Instructions are provided to combine the 
ingredients with the addition of acetone. Once the pyrogen was mixed and the wires were cut, we 
bent the wires in half and dipped the bent end into the pyrogen until the mixture stuck onto the 
end. We made sure all the e-matches had approximately the same amount of pyrogen on them by 
visual check for the first test but decided any future igniter manufacturing should include the use 
of a balance to weigh the wires before and after adding the pyrogen to ensure they have the same 
amount of pyrogen by mass. These igniters that were fabricated are shown in Figure 2.8. 
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Figure 2.8. First attempt constructing electric match igniters. Ignitors are shown taped to 
workbench to allow drying. 
 
The nichrome wires used on our igniters do not require insulation as long as the wires do 
not touch each other, since they will be connected to the battery and ignition cables via a clip whip 
(described in Section 2.3.2), which runs most of the length from the motors to the launch controller. 
 
2.2.3 Zero-dimensional (0D) Combustion Model 
We developed a zero-dimensional (0D) steady-state model of the combustion and 
compressible flow within the motor. This model allowed us to estimate important motor properties 
for the selected H73J and D9W motors, which we then compared to NAR/TRA reported values.  
First, we evaluated the decomposition and determined the chemical equilibrium 
composition of the exhaust products. For simplicity, we modeled the fuel as pure ammonium 
perchlorate with no added fuels, binders, or other additives. We analyzed the simplest case of the 
decomposition of ammonium perchlorate based on its four most prominent products: water vapor 
(
3
2
 H2O), oxygen gas (
5
4
 O2), hydrogen chloride (1 HCl), and nitrogen gas (
1
2
 N2). This allowed us 
to model a “burned gas” with known composition and gas properties, without the need to use 
specialized software. In addition, we also modeled the ammonium perchlorate decomposition 
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using the Cantera software suite to define a more realistic estimate of the burned gas composition 
and properties for different chamber pressure conditions. This chemical equilibrium model 
provided the composition of the product gas mixture. We used these results to create a 0D model, 
which could then be used to evaluate the mixture properties and an estimate of the adiabatic flame 
temperature. Next, we determined the typical burning characteristics of ammonium perchlorate for 
different chamber pressures and propellant grain configurations. Using data points from a curve 
fit model [34], we were able to find the burn rate coefficient. We calculated the mass flow rate 
generated from the combustion products using the burn rate that we calculated corresponding to 
the given pressure as well as for different grain surface areas that are typical for our selected 
motors. 
We then developed a steady state compressible flow model for the burned gas through a 
nozzle section. This model assumed different chamber pressure conditions since the chamber 
pressure of our motor was not provided by the motor manufacturer. We first determined the burn 
rate of the ammonium perchlorate propellant grain as a function of chamber pressure using data 
points given by a study that was conducted by Chen and McQuaid [34]. Next, we estimated the 
mass of the burned gas products from the propellant combustion process based on the burn rate 
and the density of the burned gas computed in Cantera. We then equated this mass of burned gas 
produced to the mass flow rate through the nozzle section, which is a constant for any cross-section 
within the nozzle. We then measured the nozzle throat and exit diameters of the Cesaroni I218 
motor nozzle and calculated the nozzle throat and exit cross-sectional areas. Using these area 
values and compressible fluid isentropic relations, we calculated the pressure at the nozzle throat 
and exit cross-sections. These pressure values, cross-sectional areas, and resulting ratio of specific 
heat values computed in Cantera allowed us to calculate the estimated thrust and specific impulse 
as a function of the chamber pressure. These steps and equations needed for the 0D model are 
provided in the flow chart that is given in Table 2.3. The nomenclature for the variables in these 
equations are shown in Table 2.2. Finally, we compared the calculated minimum nozzle throat 
area, thrust, and impulse values for typical chamber pressures to the values reported by the 
NAR/TRA testing committees [35].  
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Table 2.2. Nomenclature and units for 0D modeling. 
Name Variable Units 
Thrust T N 
Specific Impulse Isp Sec 
Gravitational Constant g m/s2 
Specific Heat Constant at Constant 
Pressure 
Cp J/kg mol K 
Surface Area of Propellant Grain As m2 
Thrust Coefficient CF ~ 
Specific Heat Ratio k ~ 
Specific Heat Ratio 𝛾 ~ 
Minimum Throat Area At m2 
Density of solid Ammonium 
Perchlorate 
𝜌 kg/m3 
Chamber Pressure P1 Pa 
Pressure at Nozzle Exit P2 Pa 
Atmospheric Pressure P3 Pa 
Mass Flow Rate ?̇? kg/sec 
Heated Gas Temperature T1 K 
Burn Rate R mm/s 
Burn Rate Coefficient a ~ 
Total Number of mols Per Unit Mass of 
Mixture 
N Mol 
Molar Mass Effective MMeff kg mol/kg 
Specific Gas Constant Effective Reff J/kg K 
Universal Gas Constant ?̅? J/kg mol K 
Subscript-Constituent of Species J ~ 
Subscript-Mixture of Gases Mix ~ 
Subscript-Effective Eff ~ 
Exponent-Pressure Exponent n ~ 
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Table 2.3. Calculation sequence (flowchart) for 0D propulsion model. 
Equation Given 
Previously 
Calculated 
Unknowns 
Equation 
Reference 
Equation 
Number in 
Given 
Reference 
System 1 
𝑀𝑀𝑒𝑓𝑓 =  
∑ 𝑛𝑗 ∙ 𝑀𝑀𝑗
∑ 𝑛𝑗
 
∑ 𝑛𝑗 ∙ 𝑀𝑀𝑗
∑ 𝑛𝑗
 
 
~ 
𝑀𝑀𝑒𝑓𝑓 [7] 5-5 
 
𝑅𝑒𝑓𝑓 =
?̅?
𝑀𝑀𝑒𝑓𝑓
 
 
?̅? 𝑀𝑀𝑒𝑓𝑓 𝑅𝑒𝑓𝑓 ~ ~ 
(𝐶𝑝)𝑚𝑖𝑥 =
∑ 𝑛𝑗(𝐶𝑝)𝑗
∑ 𝑛𝑗
 𝑛𝑗 , (𝐶𝑝)𝑗  
 
~ 
(𝐶𝑝)𝑚𝑖𝑥 [7] 
 
5-6 
𝛾𝑚𝑖𝑥 = 𝑘𝑚𝑖𝑥 =
(𝐶𝑝)𝑚𝑖𝑥
(𝐶𝑝)𝑚𝑖𝑥 − ?̅?
 ?̅? 
 
(𝐶𝑝)𝑚𝑖𝑥 
 
𝛾𝑚𝑖𝑥, 𝑘𝑚𝑖𝑥 
[7] 
 
5-7 
System 2 
𝑟 = 𝑎 ∙ 𝑃1
𝑛 𝑎, 𝑃1, 𝑛 ~ 𝑟 [7] 12-5 
System 3 
Block 1 
?̇? = 𝜌 ∙ 𝑟 ∙ 𝐴𝑠 
 
𝜌, 𝐴𝑠 𝑟 ?̇? [7] 12-1 
System 3 
Block 2 
?̇? =
𝐴𝑡 ∙ 𝑃1
√𝑅𝑒𝑓𝑓𝑇1
∙ [𝛾 (
2
𝛾 + 1
)
𝛾+1
𝛾−1
]
1
2
 𝑃1, 𝑇1 ?̇?, 𝑅𝑒𝑓𝑓, 𝛾 𝐴𝑡 [7] 3-24 
System 4 
𝐶𝐹 = √
2𝑘2
𝑘 − 1
(
2
𝑘 + 1
)
(𝑘+1)
(𝑘−1)
∙ [1 − (
𝑃2
𝑃1
)
𝑘−1
𝑘
]
+
𝑃2 − 𝑃3
𝑃1
∙
𝐴𝑠
𝐴𝑡
 
 
𝑃1, 𝑃2 
𝑃3, 𝐴𝑠 
𝐴𝑡, 𝑘 𝐶𝐹 [7] 3-30 
𝑇 = 𝐶𝐹 ∙ 𝐴𝑡 ∙ 𝑃1 
 
𝑃1 𝐴𝑡, 𝐶𝐹 𝑇 [7] 
3-31 
 
𝐼𝑠𝑝 =
𝐶𝐹 ∙ 𝑃1 ∙ 𝐴𝑡
?̇?𝑔
 𝑔, 𝑃1 ?̇?, 𝐴𝑡, 𝐶𝐹 𝐼𝑠𝑝 ~ ~ 
 
 
2.2.4 Heat Flux Modeling and Simulations 
In addition, as part of our analysis we developed a COMSOL model that estimated the heat 
flux through the propellant grain and motor casing from combustion in the motor combustion 
chamber. This 2D model considered an axisymmetric cross section of the of cylindrical 
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combustion chamber and assumed that the propellant grain used in our motor had a nearly tubular 
configuration. The model cross-section, with domain and boundary labeling, are provided in 
Figure 2.9 and Figure 2.10. This cross-section consisted of a thin aluminum casing domain, a solid 
ammonium perchlorate propellant domain, a volumetric heat source domain, and a heated gas fluid 
flow domain. The heated gas flow goes from right to left from the inlet to the outlet as shown in 
Figure 2.10. The domain phase, material, and governing equation are summarized in Table 2.4. In 
addition, the material properties of the materials used in these domains are provided in Table 2.5. 
 
 
Figure 2.9. Diagram of chamber for 0D propulsion model. 
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Figure 2.10. Heated gas flow diagram for 0D propulsion model. 
 
 
Table 2.4. Domain conditions and materials. 
Domain Phase Material Model Equations 
1 Solid Aluminum Eq. (2-2) 
2 Solid Ammonium Perchlorate Eq. (2-2) 
3 Fluid Combustion Products Eq. (2-3), Eq. (2-4), Eq. (2-
5) 
4 Fluid Combustion Products Eq. (2-3), Eq. (2-4), Eq. (2-
5) 
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Table 2.5. Manually-created material properties. 
Material Thermal Conductivity 
[W/m-K] 
Heat Capacity 
[J/kg-K] 
Density 
[kg/m3] 
Ratio of 
specific heats 
Dynamic Viscosity 
[Pa-s] 
Aluminum 238 900 2700 - - 
Ammonium 
Perchlorate 
0.5301-0.4552·T 1084.4-1415.1·T 1949 - - 
Burned Gas 0.03 1554.9 29.1863 1.2401 3.78 
 
 
The ammonium perchlorate thermal conductivity and thermal and heat capacity were 
estimated using a linear, temperature-dependent model developed from empirical results [35]. The 
heated gas properties were estimated using results from our Cantera analysis for a pressure of 3000 
psia. The heated gas properties and mole fractions of the most prominent combustion products at 
3000 psia are given in Table 2.10 and Table 2.11, respectively. Since COMSOL also requires the 
thermal conductivity and dynamic viscosity for a manually defined fluid in the laminar flow 
module these two properties were estimated using that of nitrogen gas at ambient temperature and 
pressure. In addition, the heat transfer and laminar boundary conditions, as well as the globally 
defined parameters at those boundary conditions are summarized in Table 2.6, Table 2.7, and Table 
2.8. 
 
Table 2.6. Heat transfer boundary conditions. 
Boundary Heat Transfer Conditions Model Equations 
1 Temperature (Ta) Eq. (2-10) 
2 - - 
3 Temperature (Tf) Eq. (2-10) 
4 - - 
5 Outflow Eq. (2-6) 
6 Thermal Insulation Eq. (2-6) 
7 Thermal Insulation Eq. (2-6) 
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Table 2.7. Laminar flow boundary conditions. 
Boundary Laminar Flow Conditions Model Equations 
1 - - 
2 - - 
3 Inlet (V0) Eq. (2-8) 
4 - - 
5 Outlet (P0) Eq. (2-9) 
6 Wall Eq. (2-7) 
7 Wall Eq. (2-7) 
 
Table 2.8. Globally-defined parameters. 
Parameter Variable Name Value Units 
V0 Inlet Velocity 2 m/s 
Tf Flame Temperature 2354 K 
Ta Ambient Temperature 298 K 
P1 Outlet Chamber Pressure 2.0684e7 Pa 
Q0 Volumetric Heat Source 35138.5 W/m2 
 
 
2.3 Results and Analysis 
2.3.1 Igniter Systems 
Our homemade igniters were ground tested to see if they would light with 12 V, the voltage 
used at most launch sites. Using approximately 12 cm of wire leading to the pyrogen at the end, it 
took approximately four seconds to heat up the wire enough to light the igniters, whereas we want 
a quicker response. This was solved by cutting the igniters to shorten the lead wire to 
approximately 7 cm instead of the original 12 cm, which allowed the ignition testing to run 
smoothly. 
During the stage separation ground testing at our January 19th test launch, however, the 
igniters began to heat up but not enough to ignite, so the launch site officials gave us some 
commercial igniters to use instead. We were informed that launch sites typically do not encourage 
the use of homemade igniters and gave us a few more to carry out our full-rocket test launch. 
2.3.2 Engine Clustering 
The three-motor cluster in the central airframe was tested at the launch attempt in January. 
Once the ignition was initiated through the launch pad, the ignition through the clip whip and the 
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manufactured igniters was successful. However, the O-rings in each of the motors malfunctioned, 
which caused the burned gas to leak through the be O-ring openings. This was observed at the 
launch by the motors generating no thrust but releasing all the gas that was generated during the 
burn. After diagnosing the issue, it was pointed out that the O-rings were not lubricated before 
being assembled, which caused the O-rings to deform and not function to seal the burned gas 
through the nozzle [3]. 
At the launch we also were informed by the Range Safety Officer and some other 
participants, of some of the NAR’s standards for clustered propulsion systems for more advanced 
model rockets. We learned that if motor clustering was used as an advanced technique that each 
individual motor must have a thrust level equal to five times the weight of the entire rocket, a rule 
we will call the “5x thrust-to-weight ratio rule.” This is recommended by the NAR so that if one 
or more motors either failed to ignite or had non-simultaneous ignition, then the other motors 
would have enough thrust to propel the rocket off the launch pad [3]. In our first motor 
configuration, the overall average thrust from the three-motor cluster was 219 N. However, per 
motor, each of the H motors in our initial motor configuration only have a thrust level of 73 N. 
This would result with a thrust to weight ratio of 1.64 for our rocket per H motor, which is far 
under the recommended “5x thrust-to-weight ratio rule.”  
 
 
Table 2.9. Cesaroni I218 motor statistics. 
Motor Statistic (units) Cesaroni P54-1G White Thunder (I218)  
Total Impulse (N-s) 491.2 
Max Thrust (N) 294.2 
Average Thrust (N) 218.3 
Total Mass (g) 580 
Propellant Mass (g) 230 
Burn Time (s) 2.3 
Size (mm) 54x143 
Propellant White Thunder 
Type Reloadable 
Motor Case Cesaroni 54 mm 1-Grain 
 
 
In addition, we learned that some users consider Aerotech motors as less reliable in terms 
of motor clustering, as their modular assembly raises the chances of manual errors. Therefore, it 
was recommended to us that Cesaroni motors be used for our next motor configuration. Because 
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of our troubles with motor clustering, we decided that is would be better, for the purpose of testing 
other subsystems, to use a single motor as a propulsion system in any future launch. This would 
mean that we would need to use a single I motor to generate enough thrust to conform with NAR 
standards compared to the weight of our rocket. In addition, we were confined to selecting 54 mm 
diameter motors, as these were the only class of motors that would provide enough thrust and fit 
into our previously constructed rocket motor section size of 101.6 mm diameter x 240 mm length. 
We ultimately chose the Cesaroni I218 motor, a 54 mm diameter x 142.2 mm length I motor that 
provides an average thrust of 218 N, which is slightly less than five times the weight of our rocket 
(44.4N). This motor was chosen because it provided the minimal thrust level that is recommended 
by the NAR and maximized the total impulse to achieve as high of an altitude as possible. The 
motor statistics for the Cesaroni I218 motor are shown in Table 2.9. 
In terms of booster motor selection, we also were also informed that we would likely not 
be allowed to launch with a cluster of the D9W motors as boosters, along with the H73J primary 
motors for the second launch. The reason is that they use different propellants: the H73J motors 
use ammonium perchlorate composite propellant while the D9W motors use black powder 
propellant. These two propellants have different ignition temperatures, and so one type of 
propellant could possibly ignite prior to the other and cause non-simultaneous ignition. This non-
simultaneous ignition would likely result in rocket motion that would disconnect the clip whip 
from the igniters of the other motors, which would prevent the other motors from successfully 
igniting. Therefore, for future launches we would need to choose booster motors that also use 
ammonium perchlorate composite propellant. Because of our rocket’s fins, it would be most ideal 
for our booster motors to be as small as possible while still being a high enough impulse class to 
use composite propellant. Most motor companies do not have composite propellant motors below 
the F impulse range. A good candidate for lower impulse composite propellant motors would be 
AeroTech Economax motors. This brand of single-use motors spans the E-F impulse range and 
also use composite propellant [36]. Therefore, for future launches these types of motors would be 
most feasible to use as booster motors given our size restrictions.  
 
2.3.3 Zero-dimensional (0D) Combustion Model 
Table 2.10 shows the thermodynamic properties for the combustion products of ammonium 
perchlorate that were computed using Cantera and the input into the system of equations. In 
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addition, the mole fractions of the four most prominent products of the combustion of ammonium 
perchlorate that were computed in Cantera are listed in Table 2.11. Cantera computed the mole 
fractions of approximately 50 possible products; however, the mole fractions of these species is 
quite negligible compared to those of the four most prominent products. The composite properties 
and mole fractions were computed over a range of pressures from 1000 to 5000 psia with 
increments of 500 psia. Since the manufacturer did not provide the chamber pressure of our rocket 
motor, we selected this range of pressures to be modeled based on typical chamber pressures 
according to Sutton’s book: Rocket Propulsion Elements [7]. 
By plotting burn rate as a function of pressure, we were able to use the curve fitting tool in 
MATLAB® to estimate the coefficients 𝑎 and 𝑛 (the burn rate proportionality constant and burn 
rate pressure exponent, respectively) in the burn equation shown in Table 2.3 System 2.  This curve 
fit was applied to the data with an R2 of 0.99, indicating a very accurate estimate for the burn rate 
coefficients. The results of this burn rate equation curve fit are shown in Figure 2.11. With these 
burn rate coefficients, we implemented the resulting burn rate equation (analytical equation based 
off of empirical results) in System 2 of the flowchart methodology.  
Table 2.10. Thermodynamic properties of ammonium perchlorate (1000-5000 psia)2. 
Chamber 
Pressure 
P1 [Pa] 
6894757 10342136 13789514 17236893 20684271 24131650 27579028 31026407 34473786 
Specific 
Heat at 
Constant 
Pressure 
Cp [J/kg 
mol K] 
1553.4 1554 1554.4 1554.7 1554.9 1555.5 1555.3 1555.4 1555.5 
Specific 
Heat at 
Constant 
Volume 
Cv [J/kg 
mol K] 
1252.4 1252.4 1253 1253.4 1253.8 1254.1 1254.4 1254.6 1254.8 
Density 
of 
9.76899 14.6293 19.4846 24.3367 29.1863 34.0339 38.8801 43.7249 48.5687 
                                                          
 
 
 
2 Variable descriptions for Table 2.10 are given in the variable nomenclature table, Table 2.2 
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Burned 
Gas ρ 
Heated 
Gas 
Temp. 
T1 [K] 
2337.92 2343.92 2348.03 2351.14 2353.63 2355.72 2357.50 2359.07 2360.46 
 
 
Table 2.11. Mole fractions of most prominent products of ammonium perchlorate 
combustion. 
Products 1000 psia 1500 psia 2000 psia 2500 psia 3000 psia 3500 psia 4000 psia 4500 psia 5000 psia 
HCl 0.212541 0.212548 0.212345 0.212060 0.211741 0.211407 0.211068 0.210731 0.210398 
H20 0.358731 0.359381 0.359938 0.360429 0.360873 0.361279 0.361655 0.362006 0.362336 
N2 0.113402 0.113449 0.113485 0.113515 0.113540 0.113562 0.113582 0.113600 0.113617 
O2 0.281577 0.281802 0.281901 0.281942 0.281951 0.281940 0.281918 0.281887 0.281850 
Total 0.966251 0.96718 0.967669 0.967946 0.968105 0.968188 0.968223 0.968224 0.968201 
 
The second performance plot shown in Figure 2.12 shows the thrust as a function of 
chamber pressure. This thrust does in fact fall in the range published by the manufacurer who 
claims to have an average thrust of 218 Newtons [37]. 
 
 
Figure 2.11. Burn rate as a function of 
pressure. 
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Figure 2.12. Thrust as a function of chamber pressure. 
 
A possible reason for diagreement with published data for the I218 motor are that the 
constituents of the motor propellant being modeled only includes the oxidizer and not the fuel and 
binders that are a part of the propellant in reality. One more possible reason for error is 
mismeasured values and oversimplifying the assumptions being made, such as the steady state and 
one-phase combustion process. 
 
2.3.4 Heat Flux Modeling and Simulations 
The MSAT team was tasked with conducting thermal analysis on the structural components 
of the airframe. There was concern for the structural integrity of the motor body tubes during 
combustion in the motors. Since the motor body tubes were made from blue tube (vulcanized 
paper), there was concern that the high temperature of the aluminum casing would cause the motor 
body tubes to become singed and lose their durability. Therefore, the PSR team was tasked to 
estimate the heat flux leaving the motor so that the MSAT team could conduct a thermal analysis 
on the motor body tubes. The heat flux leaving the motor was estimated using a steady-state 
conjugate heat transfer model in COMSOL. 
From the 2D steady-state conjugate heat transfer COMSOL model, we were able to 
compute the temperature at any point along the ammonium perchlorate and aluminum domains. 
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By selecting two points, one at the boundary between the ammonium perchlorate grain and the 
aluminum grain and one at the end of the aluminum grain, we can find the 1D heat flux across the 
aluminum casing. The two points selected, and the corresponding temperature values are shown 
in Figure 2.13. These points were selected at the radial endpoints of the aluminum casing domain. 
Using Eq. (2-2) and (2-3) the temperature gradient was calculated and using the thermal 
conductivity of aluminum provided in COMSOL, the heat flux was calculated to be 377,393 W/m2. 
This heat flux value could then be used to conduct thermal analysis on the motor body tubes to see 
if there is a risk of structural degradation due to scorching. 
There were several limitations while conducting this analysis in COMSOL. We initially 
hypothesized that the heat flux across the propellant grain and casing was going to be dependent 
on the fluid flow of the heated gas leaving the propellant grain. Since we modeled the flame as a 
volumetric heat source, we expected fluid flow from the inlet to cause convective heat transfer and 
carry some of this heat out of the laminar flow control volume. However, this was not observed as 
the temperature distribution from the inlet to the outlet was purely driven by the temperature 
gradient created from the temperature boundary condition at the inlet. Multiple cases were 
attempted in which the outlet boundary was given different temperature conditions, as well as 
thermal insulation. In the case of thermal insulation, the temperature at the outlet was the same as 
the temperature at the inlet, indicating that there was no heat transfer in the fluid despite the 
volumetric heat source. With more time, a solution to this issue may have been found and a more 
realistic model would have been generated with a temperature distribution in the fluid consistent 
with convective heat transfer theory. 
Another barrier while conducting the COMSOL analysis was the 2D axisymmetric model. 
When converting the 2D model to 2D axisymmetric, there were issues when computing the 
solution. With all the boundary conditions kept the same from the 2D model, the 2D axisymmetric 
model gave the “Feature: compile equation: stationary (sol1/st1), error: division by zero” error 
when we tried to compute the solution. We presumed that this was likely caused because one of 
the model parameters was zero at the outlet boundary, which is the equivalent to the r = 0 position 
in the 2D axisymmetric model. We believed that since there was no specified initial condition for 
the velocity at the outlet, the velocity at the outlet was zero until the laminar flow from the inlet 
reached the outlet at some moment soon after t = 0. This would have created a singularity if there 
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was division by the velocity in one of the coupled equations and would align with the specified 
computation error.  
 
 
  
Figure 2.13: Aluminum casing boundary temperature distribution and values. 
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Chapter 3: Stage Separation 
3.1 Background 
 Carbon dioxide (CO2) and electromagnetic separation systems are two innovative systems 
that have limited use in model rocketry. Because these systems have not been extensively 
investigated, they pose an opportunity to establish new procedures and designs for future use. The 
inclusion of two different novel stage separation methods adds an extra level of complexity to a 
model rocket, as compared to using one method or more common methods. The complexities of 
these systems include the necessary calculations, and the associated construction and integration. 
However, CO2 and electromagnetic stage separation systems offer advantages that classic 
pyrotechnic systems do not, such as testability and safety. These advantages aid reliability and 
provide a better understanding of the system through catalogued results. 
 
3.1.1 Carbon Dioxide (CO2) Separation 
 In model rocketry, carbon dioxide (CO2) systems have been used for stage separation and 
ejection mechanisms. In these systems, CO2 pressurizes the rocket body to jettison the nosecone 
and release the recovery mechanism. Carbon dioxide systems are increasing in popularity, as 
discussed in Tinder Rocketry’s Peregrine Exhaustless CO2 Ejection System Manual [38], due to 
their advantages over common pyrotechnic methods, such as black powder charges. 
 
Figure 3.1. Tinder Rocketry Peregrine exploded view [38]. Copyright © 2016 Tinder 
Rocketry. 
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Carbon dioxide systems function cold and therefore do not create large amounts of heat, flame, 
and debris, unlike the hot gases and particles involved in pyrotechnic separation methods [5]. 
Therefore, flame-retardant cloths or “dog-barf” wadding is unnecessary to protect the rocket’s 
interior, recovery system, and payloads. Currently, several commercial CO2 model rocket kits are 
available. Commercial kits are reusable, and some kits include multiple housings for different-
sized cartridges. Commercially available CO2 kits are comprised of three components: a CO2 
cartridge, a cartridge housing to hold the cartridge with a small pyrotechnic charge, and a 
mechanism that punctures, loads, and seals the cartridge. The mechanism, as pictured in Figure 
3.1, is triggered in flight by an onboard altimeter [38]. Commercial systems are prepared for flight 
by following the detailed manufacturer’s instructions for each kit; this includes how to prepare and 
load the charge cup, mount the system to a bulkhead for use, and how to disassemble the system 
after use. 
An advantage of CO2 systems is that they are ideal for high altitude flights. Due to the low 
oxygen content, black powder burns inconsistently above 20,000 ft and does not burn above 50,000 
ft, while commercially available CO2 systems continue to work because the small pyrotechnic 
charge that is used to puncture the CO2 cartridge is sealed and does not require the outside air to 
burn. In Figure 3.1, the small pyrotechnic charge would be placed inside the charge cup. 
Commercial CO2 kits such as the Peregrine and RAPTOR made by Tinder Rocketry have been 
successfully functioned in test environments simulating 80,000 ft [38].  
Carbon dioxide cartridges vary in size, but those sold specifically for model rocketry come 
with gas loads ranging from 8 to 85 g of CO2. Different-sized CO2 cartridges are used for various 
other applications such as airsoft guns and filling bicycle tires [39, 40]. These cartridges are 
identical to those sold for model rocketry and can be used in commercially available model rocket 
kits [40]. The amount of CO2 necessary to properly pressurize the payload compartment of the 
rocket tube is calculated using the Ideal Gas Law in Eq. (3-2) or an online calculator such as those 
developed by the Nevada Aerospace Science Associates (NASSA) or the Huntsville Area 
Rocketry Association [15, 41]. The hand calculations or online calculators output a recommended 
black powder amount given the rocket’s airframe diameter, the nosecone area, and the desired 
force on the nosecone as demonstrated in Eq. (3-1) and (3-2), and as seen in Figure 3.2. In these 
equations 𝑃 represents the pressure in the rocket tube, 𝐹 the desired force on the nosecone 
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bulkhead, 𝐴 the area of the nosecone bulkhead the force is exerted on, 𝑉 the volume of the payload 
compartment of the rocket body with diameter 𝐷 and length 𝐿, 𝑅𝑏𝑝 the gas constant of black 
powder, and 𝑚𝑏𝑝 the quantity of black powder, in grams, necessary to properly pressurize the 
payload compartment of the rocket. 
 
        𝑃 =
𝐹
𝐴
          (3-1)
  𝑚bp =
𝑃 𝑉
𝑅𝑏𝑝 𝑇
                                (3-2) 
 
The accepted rule-of-thumb in model rocketry, as stated in the manufacturer’s instructions 
of commercial CO2 kits, is to multiply the recommended black powder ejection charge by five to 
arrive at the necessary amount of CO2 to properly pressure the rocket body [38]. It can be 
demonstrated that preforming the calculation in Eq. (3-2) with the gas constant of CO2, a 
predetermined volume, temperature, and necessary pressure, yields a reasonable answer for the 
necessary amount of CO2 to properly pressurize the rocket body. The answer is reasonable because, 
as described in Section 3.2.1, it is similar to the answer produced by the online calculator [15, 41]. 
The desired pressure differential to jettison a nosecone from a 4 in diameter rocket is 
between 68947.6 to 103421 Pa (10 to 15 psi), based on experimental data from multiple model 
rocketry sources [5, 15, 41]. We applied the perfect gas law to calculate the necessary amount of 
black powder, which needs to be burned with air to produce gases that pressurize the payload 
compartment of the rocket, as shown in Eq. (3-3). We utilized the upper limit ejection charge 
pressure of 103421 Pa, 𝑃𝑡, the volume of the rocket tube, 𝑉𝑡, and the combustion gas constant, 𝑅𝑏𝑝, 
and combustion gas temperature of FFFF (4FG) black powder, 𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛, as specified in Table 
3.9. 
 
𝑚𝐶𝑂2 =
𝑃𝑡 𝑉𝑡
𝑅𝑏𝑝 𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛
        (3-3) 
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The 4FG black powder is a grade of black powder that is commonly used for model rocketry; the 
properties of the powder during combustion are dictated by the powder’s composition and grain 
size and geometry [42, 43]. This is because black powder burns from the surface and therefore 
grains with different surface areas will burn at different rates, while densely packed grains cannot 
easily distribute the flames. This grade of black powder has a grain size of approximately 0.15- 
0.42 mm [42] and is a mixture of 75% nitrate, 15% charcoal, and 10% sulfur [43]. The chemical 
equation for the combustion of black powder in when introduced to air is shown in Eq. (3-4) [4].  
 
10 𝐾𝑁𝑂3 + 3 𝑆 + 8 𝐶 → 2 𝐾2𝐶𝑂3 + 3 𝐾2𝑆𝑂4 + 6 𝐶𝑂2 + 5 𝑁2      (3-4) 
 
The result is approximately 1.98 g. Therefore, the necessary amount of CO2 to pressure the 
airframe of the rocket is approximately 9.88 g, which can be rounded up to the next available 
cartridge size, 12 g. 
This result was compared with the Nevada AeroSpace Science Associates (NASSA) online 
ejection charge calculator [41]. The online ejection charge calculator is intended to assist in 
properly sizing black powder ejection charges, which provides more information about properly 
sizing CO2 cartridges. NASSA provides a table of recommended pressures for specific airframe 
diameters and the desired force on the nosecone as seen in Table 3.1. In the top row, the desired 
values of the force on the nosecone are listed in lbf, and in the columns corresponding to each force 
are the necessary pressures needed to produce that force for a given airframe diameter. When the 
team entered the rocket tube diameter, length, and desired ejection pressure into the NASSA 
calculator the necessary black power is 2.33 g, which indicates 11.65 g of CO2 are necessary. The 
results from the NASSA calculator and the team’s results indicate that a 12 g CO2 cartridge would 
properly pressurize the payload compartment. It is unclear exactly how NASSA members 
determined the desired forces to properly eject the nosecone. We were also unsure if the necessary 
force refers to the absolute pressure generated in the rocket tube, or the difference in pressure 
between the rocket tube and the pressure produced by air pushing onto the nosecone (i.e. dynamic 
pressure) during flight. Therefore, we analyzed the CO2 flow to better understand the information 
provided by NASSA and determine the required force and necessary CO2 using a predetermined 
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method. These values, while they do indicate accuracy of either method, are a point of comparison 
for the values we tabulated in Section 3.3.1. 
 
Table 3.1. Airframe diameter and desired force [41]. 
Airframe Diameter 100 lbf 150 lbf 200 lbf 250 lbf 
Pressure [psi] 
2.6” 19 28 38 47 
4.0” 8 12 16 20 
6.0” 3.5 5.3 7.0 8.8 
7.5” 2.3 3.4 4.5 5.7 
 
 
The mass flow of the CO2 flow, as well as the pressure, density, and temperature, change 
with time. The variation in the characteristics of the CO2 flow properties with respect to time must 
be understood to know when the separation event should be signaled to occur. We solved a system 
of differential equations, including Eq. (3-5), to estimate the time needed to pressurize the payload 
bay to the point where the nosecone will separate. This time represents an estimate of the time-lag 
between the command to initiate separation and when the nosecone is ejected [44]. The mass flow 
rate of CO2 out of the cartridge, 
𝑑𝑚𝐶𝑂2
𝑑𝑡
, is modeled using Eq. (3-5), which assumes the flow is 
choked. 
The CO2 flow occurs in three stages distinct stages [45, 46] which must be analyzed to 
understand the transient properties of the flow out of a cartridge into a rocket body as depicted in 
Figure 3.2. We focused only on the first stage of flow for this analysis. The mass flow of CO2 
during choked flow (the first stage) can be analyzed using Eq. (3-5) and isentropic relations where 
𝑚𝐶𝑂2 represents the mass of CO2 during this stage, 𝐴𝑒 the exit area of the CO2 cartridge, 𝑃𝑐 the 
pressure in the cartridge, 𝑇𝑐 the temperature in the cartridge, 𝛾𝐶𝑂2 the ratio of the specific heats of 
CO2, and 𝑅𝐶𝑂2 the gas constant of CO2.  
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Figure 3.2. Model representation of pressurization system with carbon dioxide flowing into 
sealed rocket body and placement in completed rocket. 
 
       
𝑑𝑚𝐶𝑂2
𝑑𝑡
=
(−𝐴𝑒 𝑃𝑐(𝑡))
√𝑇𝑐(𝑡)
√
𝛾𝐶𝑂2
𝑅𝐶𝑂2
(
𝛾𝐶𝑂2+1
2
)
(
−𝛾𝐶𝑂2
+1
2(𝛾𝐶𝑂2
−1)
)
                   (3-5) 
 
A custom CO2 stage separation system is not trivial to design or analyze, but commercially 
available kits show that the system can be developed and used effectively in model rockets. The 
creation of custom CO2 kits is possible and innovative, due to the popularity of CO2 stage 
separation for high altitude launches, safety, and limited debris. 
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3.1.2 Electromagnetic Separation 
The WARRIORS projects were a series of MQPs from 2006 to 2008. They used the idea 
that a magnetic field can be used to create a force to separate the boosters. This unorthodox method 
delves into new technological territory where magnets are employed instead of pyrotechnics. 
Proper analysis is required to design a successful system. With a permanent magnet on the 
boosters, and a ferromagnetic metal on the main body, the boosters can be held on with this 
interaction. When ejection is required, a current is run through a coil to apply a field. This field is 
designed to reverse the magnetic field inside the ferromagnetic metal to cause a repulsion. This 
repulsion would lead to a successful ejection.  
The goal of the first and second WARRIORS projects in 2005 and 2006 was to create 
unique solutions for model rocketry systems [21, 47]. One aspect that showed creative problem 
solving was in the stage separation system. The WARRIORS I project implemented an 
electromagnetic stage separation system that was continued and modified by the WARRIORS II 
project. As explained in section 1.1.2, model rocketry staging can appear in either series or parallel. 
Both WARRIORS I and II pursued parallel staging to move away from traditional model rocketry 
staging techniques [5]. It is more common for rockets to use series staging because of its simplicity 
[5]. Parallel staging provides more complicated engineering problems, nevertheless it brings 
benefits to the performance of the rocket. Traditionally, once these booster rockets have finished 
burning, they would be ejected using pyrotechnics. The WARRIORS projects decided to change 
the method of booster separation, and after researching potential ideas, the decision was made to 
use an electromagnetic mechanism for stage separation. There are always challenges when creating 
innovative technologies. The WARRIORS I project encountered insufficient current and a flight 
failure [21]. However, for the most part, integration was completed successfully, showing the 
feasibility of this method. This design allowed for multiple tests, reliable results, and cleaner 
separation due to the lack of pyrotechnic debris. 
As a result, the WARRIORS II team wanted to improve the design [47]. The second team 
decided to alter the system to improve the performance of the rocket by lowering mass. The amount 
of weight in the stage separation system in the WARRIORS I design was reduced, allowing the 
main rocket body to reach a higher altitude. Different power sources were placed in each booster 
instead of entirely in the main stage of the rocket. During the construction of this design, the team 
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ran into obstacles caused by the additional electronics in the boosters and volume and 
configuration constraints. The WARRIORS II project, however, was not able to conduct system 
testing and as a result, this design was not able to be field-tested. 
One property of the magnetic field is that it decreases in strength over distance. If the 
magnet is a certain distance from the center of the electromagnet, the residual magnetism changes, 
in which case using Eq. (3-6) would allow calculation on the surface of the permanent magnet 
[21]. 
 
      𝐵𝑚 ≈
𝐵𝑟
2
[
𝐿𝑚
√𝑅2+𝐿𝑚
2
]        (3-6) 
  
In Eq. (3-6), 𝐿𝑚 is length of the magnet and 𝑅 is the radius of the magnet. This equation 
applies to cylindrical magnets. 
Permanent magnets have a high ratio of flux density to unit mass which cannot be 
controlled [47, 48]. An electrically generated field must be employed to manipulate the magnetic 
field. This can be accomplished using a solenoid, a technology that is commonly used for 
manipulating magnetic fields. A solenoid is a coil of wires wrapped around a ferromagnetic core. 
When an electric current is run through the wire, a controlled magnetic field is created. 
Using both the permanent magnet and the electromagnet allows one to construct a 
functional separation system. When the magnet and the ferrous metallic core are nearby, they are 
attracted to each other by the magnet’s innate flux [47]. By running a current through the solenoid, 
a magnetic field can be created to temporarily to create a repulsive force. This force will separate 
the booster form the core booster. We based much of our analysis on relations from the 
WARRIORS I project [21].  
Eq. (3-7) and (3-8) are used to find the maximum current needed in a circuit to generate 
the magnetic field flux required. 
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         𝑝1,2 = −
2
2𝐿
± √(
𝑅
2𝐿
)
2
−
1
𝐶𝐿
                   (3-7) 
 
𝑖(𝑡) = −
𝑈1
𝐿
(
1
𝑝1−𝑝2
𝑒𝑝1𝑡 +
1
𝑝1−𝑝2
𝑒𝑝2𝑡)       (3-8) 
 
In Eq. (3-7), R represents the resistance, L represents the inductance, and C is the 
capacitance. In Eq. (3-8), U1 represents the voltage and t is the time. These equations are incredibly 
are used to find the time varying current going through an electric system given circuit parameters.  
For this project, we planned to enhance the success of the original projects. Considering 
that an electromagnetic separation system has been used in a previous project, improvements were 
planned based on the previous teams’ recommendations.  The focus for the stage separation team, 
was to increase the reliability of the booster separation system. WARRIORS I validated the 
feasibility of the system, proving it to be a highly successful model. The WARRIORS II project 
shed light that systems can always be improved.  By building on the foundations of these previous 
projects, an improved electromagnetic system provides the rocket with a reliable option. 
 
3.2 Methodology 
 After we completed a literature review on methods of stage separation, we 
developed a list of low, medium and, high risk options for stage separation methods that could be 
used on the rocket. The low risk option was to use a single stage rocket with no side boosters and 
a standard black powder charge to separate the nosecone from the rocket body. The medium risk 
option was to create a rocket with one main stage and four side boosters and to develop a custom 
CO2 stage separation system for separating the nosecone from the rocket body. This option would 
also include creating an electromagnetic separation system for the side boosters on the rocket that 
would improve on aspects present in the WARRIORS I and II projects [21, 47]. Lastly, the high-
risk option was to create a CO2 separations system that would separate both the nosecone and the 
side boosters from the rocket. The medium risk option was viewed as the most feasible choice for 
this project and thus was selected for development. We were able to state the goals of each stage 
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separation system after deciding to pursue a CO2 separation system and an electromagnetic booster 
separation system. 
• Design and build a successful CO2 separation system and an electromagnetic separation 
system that is reusable, reliable, and is less expensive than commercial systems 
• Jettison the nosecone and rocket booster successfully during flight 
 
3.2.1 Carbon Dioxide (CO2) Separation Methodology 
CO2 Flow Calculations 
We calculated the amount of CO2 necessary to properly pressurize the payload 
compartment of the rocket tube. The mass flow of the CO2, as well as the pressure, density, and 
temperature, varies with time. This section presents our methodology to calculate the final pressure 
in the rocket tube and the time to reach this point, provided by a CO2 stage separation system. A 
sample calculation using this design methodology is presented in section 3.3.1. We analyzed the 
mass flow out of the cartridge and into the payload section of the airframe with respect to time to 
estimate the time needed for the CO2 cartridge to deplete enough of its contents to jettison the 
nosecone and the pressure at that time point. We applied isentropic relations to the CO2 in the 
cartridge and CO2 – air mixture in the rocket tube to determine the properties inside each volume. 
We preformed the calculation under the assumptions that the gas properties vary only with time 
(i.e. a 0D model), CO2 can be treated as an ideal gas with a compressibility factor, and the flow is 
adiabatic, because the discharge is rapid. The additional assumption of ideal, reversible, flow 
allows us to apply the isentropic relations to make the calculations tractable with the understanding 
that this ideal model will provide an approximate result. The cartridge and payload bay are 
represented by separate, fixed, control volumes with an initial pressure that is calculated given the 
volume of the cartridge and the CO2 mass as depicted in Figure 3.2. We solved an ordinary 
differential equation, Eq. (3-5), to estimate the time needed to pressurize the payload bay to the 
point where the nosecone will separate [44]. This time represents an estimate of the time-lag 
between the command to initiate separation and when the nosecone is ejected. The CO2 flow must 
be considered in three stages to analyze the transient properties of the flow out of a cartridge into 
a rocket body [45]. All the parameters used in the model described in this section are defined in 
Table 3.2. 
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Table 3.2. Nomenclature and units for CO2 transient flow model. 
Variable Name Units 
𝑔 Gravitational Constant 
𝑚
𝑠2
 
𝑹 Universal Gas Constant 
𝐽
𝑚𝑜𝑙 𝐾
 
𝐴𝑒 Cartridge Exit Area 𝑚
2 
𝑇𝑐0 Initial Temperature in Cartridge 𝐾 
𝑉𝑐  Volume of Cartridge 𝑚
3 
𝑃𝑐0 Initial Pressure in Cartridge 𝑃𝑎 
𝑅𝐶𝑂2 Gas Constant of CO2 
𝐽
𝑘𝑔 𝐾
 
𝑅𝐶𝑂2,𝑎𝑣𝑔 Average Gas Constant of CO2, over pressure range 
𝐽
𝑘𝑔 𝐾
 
𝛾𝐶𝑂2 Ratio of Specific Heats, CO2 ~ 
𝛾𝐶𝑂2,𝑎𝑣𝑔 Average Ratio of Specific Heats, CO2 over pressure range ~ 
𝐶𝑝𝐶𝑂2  Specific Heat, Constant Pressure of CO2 
𝐽
𝑘𝑔 𝐾
 
𝐶𝑣𝐶𝑂2  Specific Heat, Constant Volume of CO2 
𝐽
𝑘𝑔 𝐾
 
𝑚𝐶𝑂2,0 Initial mass of CO2 in cartridge 𝑘𝑔 
𝑀𝑀𝐶𝑂2 Molar Mass of CO2 
𝑘𝑔
𝑚𝑜𝑙
 
𝑛𝐶𝑂2  Quantity of CO2 𝑚𝑜𝑙 
𝑍𝐶𝑂2  Compressibility Factor of CO2 ~ 
𝜌𝐶𝑂2,0 Initial Density of CO2 
𝑘𝑔
𝑚3
 
𝑉𝑡 Volume of Rocket Tube 𝑚
3 
𝑇𝑡0 Initial Temperature in Tube 𝐾 
𝑉𝑡 Volume of Rocket Tube 𝑚
3 
𝑃𝑡0 Initial Pressure in Rocket Tube 𝑃𝑎 
𝑚𝑡0 Initial mass of Air in Rocket Tube 𝑘𝑔 
𝜌𝑡0 Initial Density of Air in Rocket Tube 
𝑘𝑔
𝑚3
 
𝑅𝑎𝑖𝑟 Gas Constant of air 
𝐽
𝑘𝑔 𝐾
 
𝛾𝑎𝑖𝑟 Ratio of Specific Heats, air ~ 
𝐶𝑝𝑎𝑖𝑟  Specific Heat, Constant Pressure of air 
𝐽
𝑘𝑔 𝐾
 
𝐶𝑣𝑎𝑖𝑟 Specific Heat, Constant Volume of air 
𝐽
𝑘𝑔 𝐾
 
𝑚𝑎𝑖𝑟 Initial mass of air in cartridge 𝑘𝑔 
𝑀𝑀𝑎𝑖𝑟 Molar Mass of air 
𝑘𝑔
𝑚𝑜𝑙
 
𝑛𝑎𝑖𝑟 Quantity of air 𝑚𝑜𝑙 
𝑀𝑀𝑚𝑖𝑥𝑡𝑢𝑟𝑒 Average Molar Mass of air-CO2 mixture 
𝑘𝑔
𝑚𝑜𝑙
 
𝑅𝑚𝑖𝑥𝑡𝑢𝑟𝑒 Average Gas Constant of air-CO2 mixture 
𝐽
𝑘𝑔 𝐾
 
𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 Average Specific Heat, Constant Pressure, of air-CO2 mixture 
𝐽
𝑘𝑔 𝐾
 
𝛾𝑚𝑖𝑥𝑡𝑢𝑟𝑒 Average Specific Heat Ratio of air-CO2 mixture ~ 
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𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 Critical Pressure Ratio ~ 
𝑃𝑡 Ejection Charge Pressure 𝑃𝑎 
𝑃𝑡,𝑒𝑠𝑡 Estimated pressure in rocket tube during unchoked, compressible flow 𝑃𝑎 
𝑚𝑚𝑖𝑥 Amount of air-CO2 mixture in rocket tube 𝑘𝑔 
𝑇𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 Estimated isothermal temperature for unchoked, compressible flow 𝐾 
𝑅𝑏𝑝 Combustion Gas Constant of FFFF Black Powder 
𝐽
𝑘𝑔 𝐾
 
𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 Combustion Gas Temperature of FFFF Black Powder 𝐾 
 
The first stage of flow corresponds to the choked flow of CO2 out of the cartridge into the 
rocket body. The first stage ends when the critical pressure ratio for CO2 is reached and therefore 
the ratio of the pressure in the cartridge to the pressure in the rocket tube is greater than 1.83. The 
model consists of a differential equation used to determine the changing mass of the CO2 out of 
the cartridge and into the payload compartment. The differential equation was solved numerically 
over a timespan to calculate the total time (to the desired pressurization level) and the density, 
temperature, and pressure of CO2, along with the initial density and mass of CO2 in the cartridge 
and the rocket tube. The pressurized CO2 is stored mostly as a liquid and therefore the CO2 in the 
cartridge is both a liquid and a gas. The pressure of the CO2 cannot exceed the vapor pressure of 
CO2 at 298 K and therefore, the vapor temperature is taken as the initial pressure, 𝑃𝑐0, of the CO2. 
We expect that there would be a period, that is neglected in this analysis, where the pressure in the 
cartridge remains constant at the vapor pressure rather than decreasing initially from it, to reflect 
the phase change from liquid to gas that occurs at the vapor pressure. 
Initially, we calculated the properties of the 12 g of CO2 inside the cartridge with a known 
volume and temperature. The CO2 cartridge depletes from an initial pressure to atmospheric 
pressure if it depletes completely. The specific heats of CO2, with constant pressure 𝐶𝑝𝐶𝑂2 and 
constant volume 𝐶𝑣𝐶𝑂2, are available through the National Institute of Standards and Technology 
(NIST) as seen in Appendix F. The range of specific heats across the pressure range are used to 
calculate the specific heat ratio, 𝛾𝐶𝑂2 , and the gas constant, 𝑅𝐶𝑂2 , as it changes with pressure during 
the numerical calculation of the mass flow rate of the CO2. A compressibility factor is necessary 
because CO2 is not an ideal gas at the high pressures during most of the emptying of the chamber; 
this must be accounted for in the analysis to get an accurate result [49]. A compressibility factor 
of 1 corresponds to an ideal gas. At each timestep, we used pressure and temperature data from 
NIST [50], as seen in Appendix F, and the Van der Waals equation of state to calculate the variable 
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compressibility factor, 𝑍𝐶𝑂2,  of CO2. The MATLAB
® code to calculate the compressibility factor 
was created by Chad Greene [51]. 
The initial properties of the CO2 are input arguments to Eq. (3-5), which is repeated below, 
for the mass flow of the first stage of flow, 
𝑑𝑚𝐶𝑂2
𝑑𝑡
, where the flow of CO2 is choked. In Eq. (3-5), 
𝑚𝐶𝑂2 represents the mass of CO2 during the time range, 𝐴𝑒 the exit area of the CO2 cartridge, 𝑃𝑐 
the pressure in the cartridge, 𝑇𝑐 the temperature in the cartridge, 𝛾𝐶𝑂2 the ratio of the specific heats 
of CO2, and 𝑅𝐶𝑂2 the gas constant of CO2. We analyzed the mass flow of CO2 out of the cartridge 
to determine the total time to deplete the cartridge [15]. We substituted the isentropic relations, 
Eq. (3-9) through (3-11), for density, 𝜌𝑐, temperature, 𝑇𝑐, and pressure, 𝑃𝑐, into Eq. (3-5) to make 
the differential equation dependent only on time and the mass of CO2 prior to solving Eq. (3-5) 
numerically. The density, temperature, and pressure of the CO2 over the timespan are then 
calculated using the isentropic relations and the calculated values of mass flow rate. 
 
𝑑𝑚𝐶𝑂2
𝑑𝑡
=
(−𝐴𝑒 𝑃𝑐(𝑡))
√𝑇𝑐(𝑡)
√
𝛾𝐶𝑂2(𝑃𝑐)
𝑅𝐶𝑂2(𝑃𝑐)
(
𝛾𝐶𝑂2(𝑃𝑐)+1
2
)
(
−𝛾𝐶𝑂2
(𝑃𝑐)+1
2(𝛾𝐶𝑂2
(𝑃𝑐)−1)
)
                    (3-3) 
 
    𝜌𝑐(𝑡) =
𝑚𝐶𝑂2
𝑉𝑐
          (3-9) 
 
    𝑇𝑐(𝑡) = 𝑇𝑐0 (
𝜌𝑐 (𝑡)
𝜌𝑐0
)
𝛾𝐶𝑂2−1
                  (3-10) 
 
  𝑃𝑐(𝑡) = 𝑍𝐶𝑂2𝑃𝑐0  (
𝜌𝑐(𝑡)
𝜌𝑐0
)
𝛾𝐶𝑂2
                             (3-11) 
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 To find the final pressure in the rocket tube at the end of the choked flow regime, we first 
determined the properties of the air initially in the rocket tube, as well as the average fluid 
properties of the CO2 – air mixture in the rocket tube during CO2 depletion. We calculated the 
average specific heat ratio, 𝛾𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , and gas constant, 𝑅𝑚𝑖𝑥𝑡𝑢𝑟𝑒, of the mixture using the known 
properties of CO2 and air when half of the CO2 was depleted. The mass flow rate out of the cartridge 
is equal to the mass flow rate into the rocket tube. Therefore, Eq. (3-12) was used to describe the 
changing fluid mass inside the rocket tube during the first stage of choked flow where the initial 
mass of air in the rocket tube and the initial amount of CO2 inside the cartridge is accounted for 
with the initial mass in the rocket tube, 𝑚𝑡0. The quantity 𝑚 represents the total mass of gas, both 
CO2 and air, in the rocket body and its change with time, 𝑚𝑡𝐶𝑂2 represents the mass of the carbon 
dioxide and air gas mixture during the timespan, 𝑃𝑡 the pressure in the tube, and 𝑇𝑡0 the initial 
temperature in the tube. 
 
        
𝑑𝑚𝑡
𝑑𝑡
= −
𝑑𝑚𝐶𝑂2
𝑑𝑡
                      (3-12) 
 
Then, we applied isentropic relations to find the pressure of the mixture inside the rocket 
tube, as seen in Eq. (3-13) through (3-15). In Eq. (3-13) through (3-15), 𝜌𝑡 represents the density 
of gas in the tube, 𝛾𝑚𝑖𝑥 the ratios of specific heats of the gas mixture found through calculating 
the specific heat of the mixture 𝐶𝑝,𝑚𝑖𝑥, 𝑇𝑡 the temperature in the tube, and 𝑅𝑚𝑖𝑥 the gas constant 
of the gas mixture calculated using the mole numbers for the mixture constituents. It should be 
noted that the pressure of the CO2 - air mixture is calculated using the Ideal Gas Law and not the 
Van der Waals equation. This is because the Van der Waals constants 𝑎 and 𝑏 are not defined for 
a changing mixture, and the pressure in the tube is not high enough for the gas to differentiate from 
the Ideal Gas Law. Therefore, the Van der Waals equation is not needed. 
 
       𝜌𝑡(𝑡) =
𝑚𝑡(𝑡)
𝑉𝑡
       (3-13) 
 
   
 
   
  77 
           𝑇𝑡(𝑡) = 𝑇𝑡0 (
𝜌𝑡(𝑡)
𝜌𝑡0
)
𝛾𝑚𝑖𝑥𝑡𝑢𝑟𝑒−1
      (3-14) 
 
                                                          𝑃𝑡(𝑡) = 𝑃𝑡0  (
𝜌𝑡(𝑡)
𝜌𝑡0
)
𝛾𝑚𝑖𝑥
                 (3-15) 
 
 We did not estimate the second and third stage of flow because it was unnecessary for the 
nosecone to jettison. A sample calculation for the CO2 transient flow model is provided in Section 
3.3.1. The methodology to calculate the time and pressure following partial depletion of the CO2 
cartridge is outlined in Table 3.3. In this table, the first column lists the equation used to calculate 
the given parameter. The second column lists the parameters used in the calculation for that step, 
that are either assumed or known from another source such as a reference. The third column lists 
parameters that appear in the equation that have been calculated in a prior step. The fourth column 
lists the values that are unknown in the equation. The fifth column lists the number for the source 
(from the literature review), where the equation was found, with numbers corresponding the 
References Section of this report. The last column lists the Equation number (if any) that identities 
the equation in the original source. 
 
Table 3.3. CO2 transient flow calculations.  
Equation Units 
Given/ 
Assumed 
Previously 
Calculated 
Unknowns Reference 
Equation 
Number 
in Given 
Reference 
CO2 parameters and physical constants 
𝑛𝐶𝑂2 =
𝑚𝐶𝑂2,0
𝑀𝑀𝐶𝑂2
 𝑚𝑜𝑙 
𝑚𝐶𝑂2,0, 
𝑀𝑀𝐶𝑂2  
~ 𝑛𝐶𝑂2  ~ ~ 
𝛾𝐶𝑂2(𝑃𝑐) =
𝐶𝑝𝐶𝑂2
𝐶𝑣𝐶𝑂2
 ~ 
𝐶𝑝𝐶𝑂2 , 
𝐶𝑣𝐶𝑂2  
~ 𝛾𝐶𝑂2 [52] (8) 
𝑅𝐶𝑂2 (𝑃𝑐) = 𝐶𝑝𝐶𝑂2 − 𝐶𝑣𝐶𝑂2 
𝐽
𝑘𝑔 𝐾
 
𝐶𝑝𝐶𝑂2 , 
𝐶𝑣𝐶𝑂2  
~ 𝑅𝐶𝑂2  [52] (7) 
𝑍𝐶𝑂2(𝑃𝑐)   = 1 +
𝑏𝑃𝑐
𝑅𝐶𝑂2𝑇𝑐
 ~ 𝑃𝑐, 𝑉𝑐 ,  𝑇𝑐 𝑅𝐶𝑂2 𝑍𝐶𝑂2  [53] pg. 8 
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CO2 mass flow rate ordinary differential equation 
 
𝑑𝑚𝐶𝑂2
𝑑𝑡
=
(−𝐴𝑒 ∗ 𝑃𝑐(𝑡))
√𝑇𝑐(𝑡)
√
𝛾𝐶𝑂2(𝑃𝑐)
𝑅𝐶𝑂2(𝑃𝑐)
(
𝛾𝐶𝑂2(𝑃𝑐) + 1
2
)
(
−𝛾𝐶𝑂2(𝑃𝑐)+1
2(𝛾𝐶𝑂2(𝑃𝑐)−1)
)
 
 
𝑘𝑔
𝑠
 
𝐴𝑒, 
𝛾𝐶𝑂2,𝑎𝑣𝑔 
𝑃𝑐, 𝑇𝑐, 𝑅𝐶𝑂2  
𝑑𝑚𝐶𝑂2
𝑑𝑡
 [44] ~ 
𝜌𝑐(𝑡) =
𝑚𝐶𝑂2
𝑉𝑐
 
𝑘𝑔
𝑚3
 𝑚𝐶𝑂2, 𝑉𝑐  ~ 𝜌𝑐(𝑡) [54] ~ 
𝑇𝑐(𝑡) = 𝑇𝑐0 (
𝜌𝑐  (𝑡)
𝜌𝑐0
)
𝛾𝐶𝑂2−1
 𝐾 𝑇𝑐0, 𝜌𝑐0 𝜌𝑐 , 𝛾𝐶𝑂2,𝑎𝑣𝑔 𝑇𝑐(𝑡) [54] ~ 
𝑃𝑐(𝑡) = 𝑍𝐶𝑂2  𝑃𝑐0  (
𝜌𝑐(𝑡)
𝜌𝑐0
)
𝛾𝐶𝑂2
 𝑃𝑎 ~ 
𝑍, 
 𝑅𝐶𝑂2,𝑎𝑣𝑔, 
𝜌𝑐(𝑡), 
𝑇𝑐(𝑡) 
𝑃𝑐(𝑡) [54] ~ 
CO2 – air mixture in rocket tube 
𝑚𝑡0 = 𝑚𝑎𝑖𝑟 =
𝑃𝑡0 𝑉𝑡
𝑅𝑎𝑖𝑟  𝑇𝑡0
 kg 
𝑃𝑡0, 𝑉𝑡, 
𝑅𝑎𝑖𝑟, 𝑇𝑡0 
~ 𝑚𝑡0 ~ ~ 
𝑛𝑎𝑖𝑟 =
𝑚𝑎𝑖𝑟
𝑀𝑀𝑎𝑖𝑟
 𝑚𝑜𝑙 𝑀𝑀𝑎𝑖𝑟 𝑚𝑎𝑖𝑟 𝑛𝐶𝑂2  ~ ~ 
𝜌𝑡0 =
𝑚𝑡0
𝑉𝑡
 
𝑘𝑔
𝑚3
 𝑉𝑡 𝑚𝑡0 𝜌𝑡0 ~ ~ 
𝑀𝑀𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =
(
𝑛𝐶𝑂2
2  𝑀𝑀𝐶𝑂2 + 𝑛𝑎𝑖𝑟  𝑀𝑀𝑎𝑖𝑟)
𝑛𝑡𝑜𝑡𝑎𝑙
 
𝑘𝑔
𝑚𝑜𝑙
 
𝑀𝑀𝐶𝑂2 , 
𝑀𝑀𝑎𝑖𝑟 
𝑛𝐶𝑂2 , 𝑛𝑎𝑖𝑟, 
𝑛𝑡𝑜𝑡𝑎𝑙 
𝑀𝑀𝑚𝑖𝑥𝑡𝑢𝑟𝑒 [7] (5-5) 
𝑅𝑚𝑖𝑥𝑡𝑢𝑟𝑒  =
𝑹
𝑀𝑀𝑚𝑖𝑥𝑡𝑢𝑟𝑒
 
𝐽
𝑘𝑔 𝐾
 𝑹 𝑀𝑀𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑅𝑚𝑖𝑥𝑡𝑢𝑟𝑒 ~ ~ 
𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =
(
𝑛𝐶𝑂2
2  𝐶𝑝,𝐶𝑂2 𝑡𝑢𝑏𝑒 + 𝑛𝑎𝑖𝑟  𝐶𝑝,𝑎𝑖𝑟)
𝑛𝑡𝑜𝑡𝑎𝑙
 
𝐽
𝑘𝑔 𝐾
 
𝐶𝑝,𝐶𝑂2 𝑡𝑢𝑏𝑒, 
𝐶𝑝,𝑎𝑖𝑟 
𝑛𝐶𝑂2 , 𝑛𝑎𝑖𝑟, 
𝑛𝑡𝑜𝑡𝑎𝑙 
𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 [7] (5-6) 
𝛾𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =
𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒
𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 − 1
 ~ ~ 𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝛾𝑚𝑖𝑥𝑡𝑢𝑟𝑒 [7] (5-7) 
𝑑𝑚𝑡
𝑑𝑡
= −
𝑑𝑚𝐶𝑂2
𝑑𝑡
 
𝑘𝑔
𝑠
 ~ 𝑚𝑡0, 
𝑑𝑚𝐶𝑂2
𝑑𝑡
 
𝑑𝑚𝑡
𝑑𝑡
 ~ ~ 
𝜌𝑡(𝑡) =
𝑚𝑡(𝑡)
𝑉𝑡
 
𝑘𝑔
𝑚3
 𝑉𝑡 𝑚𝑡(𝑡) 𝜌𝑡(𝑡) ~ ~ 
𝑇𝑡(𝑡) = 𝑇𝑡0 (
𝜌𝑡(𝑡)
𝜌𝑡0
)
𝛾𝑚𝑖𝑥𝑡𝑢𝑟𝑒−1
 𝐾 𝑇𝑡0 
𝜌𝑡(𝑡), 𝜌𝑡0, 
𝛾𝑚𝑖𝑥𝑡𝑢𝑟𝑒 
𝑇𝑡(𝑡) [54] ~ 
𝑃𝑡(𝑡) = 𝑃𝑡0  (
𝜌𝑡(𝑡)
𝜌𝑡0
)
𝛾𝑚𝑖𝑥
 𝑃𝑎 ~ 
𝑅𝑚𝑖𝑥𝑡𝑢𝑟𝑒, 
𝜌𝑡(𝑡), 𝑇𝑡(𝑡) 
𝑃𝑡(𝑡) [54] ~ 
𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
𝑃𝑐
𝑃𝑡
≥ 1.83 (𝑓𝑜𝑟 𝑐ℎ𝑜𝑘𝑒𝑑 𝑓𝑙𝑜𝑤) ~ ~ 𝑃𝑐, 𝑃𝑡 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 [54] ~ 
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We experimentally determined the necessary force to remove the nosecone to determine if 
the pressure difference created by the depletion of the 12 g CO2 cartridge would be enough to 
pressurize the payload compartment and jettison the nosecone. The procedure for this test is 
described in Section 3.3.1. The force due to atmospheric pressure was calculated using the 
relationship between atmospheric pressure and the area of the bulkhead. This force is 
approximately 821.5 N. We assumed that the rocket is airtight and is therefore not equilibrated to 
the atmosphere throughout the flight. Therefore, the necessary internal pressure to jettison the 
nosecone is the force due to atmospheric pressure plus the pressure to overcome the friction of the 
nosecone. The force of friction on the nosecone was determined to be 12.5 N from a static 
experiment to remove the nosecone. We assumed that at separation the rocket is stationary at 
apogee and therefore, the only force the nosecone must overcome is the friction force. We used 
the relation between force and bulkhead area to find the gauge pressure the nosecone exerts to be 
1542 Pa. Therefore, the necessary pressure to jettison the nosecone is 102867 Pa. Assuming the 
nosecone will be jettisoned at a pressure differential of 103421 Pa (15 psi) [15, 41], we can 
compare the calculated pressure differential to determine if the nosecone will be properly 
jettisoned. 
 
Carbon Dioxide (CO2) System Design and Assembly 
Following our literature review of commercially available CO2 separation kits, we 
established three objectives for design and manufacture of a custom CO2 separation system. The 
custom system must be easily reloadable for multiple launches, less expensive than commercially 
available CO2 separation kits, and should not involve the use of pyrotechnics to function. With 
these parameters set forth, we designed and manufactured a custom CO2 separation system. 
One of our first inspirations for designing a reloadable CO2 system came from CO2-
powered airsoft guns. A typical CO2 powered airsoft gun functions by using a CO2 cartridge that 
has been inserted into either the gun itself or its removable magazine. A screw is then turned that 
presses the CO2 cartridge into a puncturing device thus creating an airtight seal around the CO2. 
The airtight seal enables the cartridge to serve as a gas reservoir. The gas is then released from the 
gas reservoir through the action of a firing pin pushing into a release button with a relatively high 
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force. For the first iteration of the custom CO2 system design, we created a housing for the CO2 
cartridge that resembled a magazine from an airsoft gun, as seen in Figure 3.3. 
 
   
Figure 3.3. CO2 separation early prototype. For scale, the long dimension of the 
rectangular housing is 113 mm. 
 
A mechanism to puncture the cartridge would be located at the top of the housing and as 
with the airsoft gun, the puncture would create a gas reservoir from the punctured and sealed CO2 
cartridge. This would allow the CO2 cartridge to be punctured before the rocket was launched and 
avoid the use of any pyrotechnics midflight. The gas would be released by activating a solenoid 
on the top of the housing. We researched solenoids that could hold the minimum pressure, 
approximately 850 psi [55], needed to store the CO2 and these options were too large to fit inside 
the diameter of the rocket body and more expensive than the existing commercially available CO2 
kits. This idea was ultimately not selected due to these design uncertainties and potential problems 
relating to how the gas was released. One concept we considered to avoid using a solenoid to 
release the gas was to use a 0.25 in ball valve turned by a servo. This would solve both the cost 
and size problems of using a solenoid but was impractical because a ball valve requires a 
substantial amount of torque to open, more than a small servo could generate. Therefore, this 
option was rejected as well. 
   
 
   
  81 
 After identifying these potential problems with the initial iterations of the custom CO2 
separation system, we decided that both the simplest and most cost-effective way to store and 
release the CO2 for the separation system was to buy an inexpensive magazine for an airsoft hand 
gun and remove all parts not related to the gas system. Then, we developed a firing mechanism to 
trigger the CO2 flow and turn the magazine into a separation system. Unlike an airsoft gun that 
uses a firing pin to forcefully tap the release button located on the side of the magazine, the firing 
mechanism would need to hold in the release button until the cartridge was emptied. We considered 
several different iterations of this mechanism until the “final” design was selected. The first 
iteration involved placing a linear actuator on a bulkhead next to the release button of the magazine 
inside of the rocket which, when triggered by the onboard computer, would extend and press the 
button. The design was flawed because the force required to hold down the release button was 
experimentally determined to be 12-15 lbs This force was greater than the maximum force values 
attainable from the micro-linear actuators commercially available that could fit horizontally inside 
of the rocket body. As a result, a firing mechanism was designed that would have the same 
functionality as a linear actuator but would also be able to impart the required force. 
 The final iteration of the firing mechanism consisted of seven key parts: the housing, a 0.25 
in ACME threaded rod with 16 turns per in., a 0.5 in. nut, an electric motor with a stall torque of 
20 oz-in and a maximum speed of 460 rpm, a coupler, two grub screws, and an actuator to make 
contact with the release button as seen in Figure 3.4. We selected the threaded rod and electric 
motor for the firing mechanism based on initial calculations made to insure the nut could travel 
approximately 0.125 in in a time of 0.5 s and imparting 50 N of force. This distance is the release 
needed to fully press the button. We calculated the necessary rotational speed of the motor in rpm 
and a motor torque of 5 oz-in was used as an initial estimate. The total rotational speed is calculated 
to be 240 rpm using the following equality that is then converted into rpm: 
 
(
2 𝑟𝑒𝑣
0.5 𝑠
) = (
4 𝑟𝑒𝑣
𝑥 𝑠
) 
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Originally, a motor with a maximum speed of 270 rpm was selected for the firing mechanism, 
however due to the unavailability of the 270-rpm motor, we selected a 460-rpm motor. 
  
Figure 3.4. Final CO2 assembly, with housing (left), final CO2 assembly, without housing 
(right). 
 
Table 3.4. CO2 separation assembly parts list. 
Item No. Part Qty. 
1 CO2 magazine 1 
2 Magazine spout 1 
3 12 g CO2 cartridge 1 
4 Actuator 1 
5 Carbon Steel Acme Hex Nut 
Right Hand, ¼”-16 
1 
6 Housing (not shown) 1 
7 460 rpm Micro Gear Motor 1 
8 Carbon Steel Acme Lead Screw 
Right Hand, ¼”-16 
1 
9 Coupler 1 
10 18-8 Stainless Steel Cup-Point Set 
Screw 2-56 Thread, 1/8” long 
2 
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The final CO2 assembly can be seen in Figure 3.4 and the corresponding components are 
identified in Table 3.4. We turned down the threaded rod (8) at one end using a lathe to make it 
the same diameter as the motor shaft (7). Then, the machined threaded rod and the motor shaft 
were put inside of opposite ends of the coupler (9), and two set screws (10) were put into tapped 
holes in the coupler to secure the motor shaft and threaded rod. The nut (5) was then screwed onto 
the threaded rod and the actuator (4) was attached to the nut.  
 
 
The nut is kept from rotating by the housing (6) of the mechanism when the electric motor 
(7) rotates the threaded rod. The nut then causes the actuator to move forward and press the release 
button on the magazine. Figure 3.5 illustrates a prototype design of the separation system. The 
firing mechanism is attached to a bulkhead inside of the rocket body to ensure that it is in line with 
the release mechanism as seen in Figure 3.6. 
Material Testing 
 We sought to analyze the material properties of the custom-made, polylactide (PLA) 
components using SOLIDWORKS®. Two major components of the firing system, the housing and 
Figure 3.5. CO2 separation system prototype 
assembly. 
Figure 3.6. CO2 separation system 
assembly installed on airframe bulkhead 
inside model rocket. 
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the actuator, were rapidly prototyped (3D-printed) out of PLA. However, the material properties 
of the 3D-printed materials do not have linear or well-documented properties, because of different 
possible levels of PLA infill and printing orientations. Therefore, we did not have the material 
properties to use in the SOLIDWORKS® simulation. The simulation treats the selected part as a 
solid chunk (100% infill) of the specified material. In 3D printing, the infill percentage, layer 
height, and wall thicknesses are all variables that the user can change. What specific orientation 
the part is printed in also influences the structural integrity of the part. As a result of these variables, 
it was decided that material testing should be conducted for 3D printed PLA with differing infill 
percentages, layer heights, and wall thicknesses. The goal of the tensile testing was to obtain the 
young’s modulus and tensile strength of the specimens. To do this, twelve specimens were created 
to an ASTM D638 standard [56] so that tensile testing could be conducted using a universal testing 
material testing machine known as an Instron [57]. These specimens have a “dog bone” shape to 
them and are 7 mm thick. The twelve specimens were split into six groups of two as seen in Table 
3.5, and Figures 3.7 and 3.8. The first two groups were printed using the default infill percentages, 
layer heights, and wall thicknesses for an Ultimaker 3 3D printer.  
 
Figure 3.7. Group one specimen 
printing configuration (thin side up). 
Figure 3.8. Group two specimen 
printing configuration (large side up). 
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Group one was printed with the thin edge of the specimen facing up while group two was printed 
with the large side of the specimen facing upward. The next two groups were printed using double 
the default settings and the pattern of shifting which edge was printed facing upward was 
continued. The last two groups were printed using the default settings cut in half and again the 
orientation pattern was continued.  
 
Table 3.5. Material testing specimen characteristics. 
Group Printer Settings Orientation 
1 Layer Height: 0.15 mm 
Wall Thickness: 1.3 mm 
Infill Density: 20% 
Thin side up 
2 Layer Height: 0.15 mm 
Wall Thickness: 1.3 mm 
Infill Density: 20% 
Large side up 
3 Layer Height: 0.3 mm 
Wall Thickness: 2.6 mm 
Infill Density: 40% 
Thin side up 
4 Layer Height: 0.3 mm 
Wall Thickness: 2.6 mm 
Infill Density: 40% 
Large side up 
5 Layer Height: 0.075 mm 
Wall Thickness: 0.65 mm 
Infill Density: 10% 
Thin side up 
6 Layer Height: 0.075 mm 
Wall Thickness: 0.65 mm 
Infill Density: 10% 
Large side up 
 
 
3.2.2 Electromagnetic Separation Methodology 
The WARRIORS I project started the effort to innovate booster stage separation using 
electromagnets [21]. As a result, developing a similar electromagnetic system, which focuses on 
optimization and streamlined performance, would further this technology and make it more 
straightforward for future project teams to create additional systems. The use of this system is 
considered moderately risky because there were failures during the WARRIORS I launch, 
therefore we wanted to assure the dependability of the system.  We used a block diagram to 
organize the calculations and coding for the electromagnetic system as seen in Table 3.6. The 
variable and units used are also shown in Table 3.7.  
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The first block lists the calculations of the physical forces that the boosters will experience. 
The second block lists the calculations required to determine the magnetic field necessary to keep 
the boosters attached. Finally, the third block lists calculations required to determine circuit 
properties to produce the current required for a magnetic field that will cancel that effect of the 
field produced by the permanent magnet. 
 
Table 3.6. Flowchart containing equations for current calculations. 
Equation Given/Assumed 
Previously 
Calculated 
Unknowns Reference 
Equation # 
in Reference 
Block 1 
𝐹𝑟𝑓 = 𝜔
2𝑟𝑚 𝜔, 𝑟, 𝑚 ~ 𝐹𝑟𝑓 [58] 4-21 
𝐹𝑎𝑑 =
1
2
𝜌𝑣2𝐶𝑑𝐴 𝜌, 𝑣, 𝐶𝑑, 𝐴 ~ 𝐹𝑎𝑑 [21] 4-22 
𝐹𝑡𝑜𝑡 = 𝐹𝑟𝑓 + 𝐹𝑎𝑑 ~ 𝐹𝑟𝑓,𝐹𝑎𝑑 𝐹𝑡𝑜𝑡 ~ ~ 
Block 2 
𝐹𝑚 = 4000𝐶𝐵𝑟𝐿𝑚√𝜋𝑅𝑚
2  𝐶,𝐵𝑟, 𝐿𝑚,𝑅𝑚 ~ 𝐹𝑚 [21] 4-24 
𝐵𝑚 =
𝐵𝑟
2
(
𝐿𝑚
√𝑅𝑚
2 + 𝐿𝑚
2
) 𝐵𝑟, 𝐿𝑚,𝑅𝑚 ~ 𝐵𝑚 [21] 4-25 
Block 3 
𝑁 = 𝑁/𝐿 ∙ 𝐿𝑐 𝐿𝑐, 𝑁/𝐿 ~ 𝑁 ~ ~ 
𝐿 =
𝜇0𝜇𝑟𝑁
2𝜋𝑅𝑐
2
𝐿𝑐
 𝑅𝑐, 𝐿𝑐, 𝜇0, 𝜇𝑟, 𝑁, 𝐿   
𝑅𝑜𝑣𝑒𝑟𝑑𝑎𝑚𝑝𝑒𝑑 = 2√
𝐿
𝐶
 𝐶 𝐿 𝑅𝑜𝑣𝑒𝑟𝑑𝑎𝑚𝑝𝑒𝑑   
𝑝1, 𝑝2 = ±
𝑅
2𝐿
+ √(
𝑅
2𝐿
)
2
−
1
𝐶𝐿
 𝐶,𝑅 𝐿 𝑝1, 𝑝2 [21] 4-17 
𝑖 =
𝑉
𝐿
(
1
𝑝1 − 𝑝2
) 𝑒𝑝1𝑡 + (
1
𝑝2 − 𝑝1
) 𝑒𝑝2𝑡 𝑉 𝐿, 𝑝1, 𝑝2 𝑖 [21] 4-19 
 
The first block focuses on the physical forces the boosters will experience. The specific 
force that we are looking at is the radial force because we want to prevent the booster from 
separating prematurely. These forces include the drag and centrifugal force. For a worst-case 
scenario, we assumed that the rocket would be rotating at 600 rotations/min. This number was 
assumed by the WARRIORS I team to calculate the maximum potential rotational force [21].  
   
 
   
  87 
𝐹 = 𝜔2𝑟𝑚        (3-16) 
 
Table 3.7. Nomenclature and units for electromagnet model. 
Name Variable Units  Name Variable Units 
Rad/hertz/spin 𝜔 1/s  Radius of Magnet 𝑅𝑚 𝑚 
Radius from CG to boosters 𝑟 𝑚 
 
Magnetic Flux of magnet 𝐵𝑚 𝑇 
Mass 𝑚 𝑘𝑔  Length of steel core 𝐿𝑐 𝑚 
Rotational Force 𝐹𝑟𝑓 𝑁 
 Ratio of wire turns per core length 𝑁/𝐿 ~ 
Air Density 𝜌 
𝑘𝑔
𝑚3
 
 
Number of total wire turns 𝑁 ~ 
Velocity 𝑣 
𝑚
𝑠
 
 
Magnetic constant 𝜇0 𝐻/𝑚 
Drag Coefficient 𝐶𝑑 ~ 
 Relative permeability 𝜇𝑟 ~ 
Frontal Area 𝐴 𝑚2  Inductance 𝐿 𝐻 
Asymmetric Drag Force 𝐹𝑎𝑑 𝑁 
 Voltage 𝑉 volts 
Total Force 𝐹𝑡𝑜𝑡 𝑁 
 Resistance 𝑅 Ω 
Indicated Force Coefficient 𝐶 ~  Zeros of Denominator 𝑝1,𝑝2 ~ 
Estimated Residual Magnetism 𝐵𝑟 𝑇 
 Current 𝑖 𝐴 
Length of Magnet 𝐿𝑚 𝑚 
    
 
In Eq. (3-16),  𝜔 is the angular speed in revolutions per second, 𝑟 is the radius from the 
center of the rocket to the separation system, and 𝑚 is the mass of the booster. Additionally, we 
added the force of asymmetric drag. This force, as seen in Figure 3.9, is the force component that 
could potentially push the model rocket radially away from the main core prematurely. Including 
this force grants a more conservative answer which leaves a safety margin for our calculations. 
This assumption was made to help lower the scope of the project for there to have results in the 
given time frame. The location of the booster can be seen in Figure 3.9. 
For the total axial force, we utilized Eq. (3-17):  
 
    𝐹 =
1
2
𝜌𝑣2𝐶𝑑𝐴                         (3-17) 
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In this equation the 𝜌 represents the density of air,  𝑣 the velocity,  𝐴 the frontal area of the 
booster cross sectional area, and 𝐶𝑑 the estimated drag coefficient. For our initial calculations, the 
values from Eq. (3-17), for the centrifugal force, were assumed from the previous project, 
WARRIORS I [21]. To find the radial force value, extensive beyond the scope of our project would 
have been required. We used an estimation for the radial force where that value is roughly ten 
percent of the axial force. Later in the project, we assumed from a max velocity value calculated 
by the FDC MQP Team provided in MAD-1901 [2]. Table 3.8 describes each variable and its 
origin and the assumed parameters and their rationale that were made to help create the flowchart.  
 
Figure 3.9. Diagram showing direction of radial and axial drag forces. 
 
After adding these forces together, we calculated the total force to be 27 N. This force was 
calculated to be the maximum force that the booster will experience in the radial direction. We 
focused on the radial force due to its direct correlation with a successful launch. During 
acceleration there will be an axial component which will cause friction in the mount, however it 
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has not been considered for the purpose of these calculations. Knowing this radial force, the next 
step was to calculate a magnetic field sufficient to withstand this force. 
 
Table 3.8. Assumed parameters and rationale. 
Assumed parameter   Rationale  
Residual Magnetism, 𝑩𝒓 Average for Neodymium Boron Magnet ~ 1.2 Teslas 
Magnetic Permeability, μr 
The magnetic permeability for a solenoid with a full steel 
core is 100. In our case, since the core was only half filled 
with steel, we roughly assumed a magnetic permeability 
of 50.  
 
In the second block of calculations, we calculated the properties of the magnetic field and 
consequently, the dimensions of the electromagnet. Now that the total force the booster will 
experience has been estimated, we calculated the dimensions of a permanent magnet capable of 
withstanding that force. In these calculations we decided to use the dimensions that the 
WARRIORS team had as a foundation to our design. The updated dimensions can be found in 
Figure 3.10.  
    
Figure 3.10. Electromagnet diagram.  
Lm 
Rm 
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Some changes were made to this design due to our design choices and integration with the 
MSAT team. The MSAT MQP Team designed brackets for the booster structural integration which 
has been provided in NAG-1901 [1]. During the integration efforts, the MSAT Team required 
more room for the permanent magnet to attach to the booster. We decided to extend the steel core 
and the permanent magnet slightly outward to compensate for this design. Figure 3.10 and 3.11 
displays the updated model for the electromagnet separation system. Appendix I shows more 
photos of the CAD models in different views.  
 
Figure 3.11. CAD Model of electromagnet (left). Prototype of electromagnet coil mount 
(right). 
 
A main concern we had for this design was 
the relatively small force required to separate the 
steel core from the permanent magnet. Upon 
consulting with the MSAT MQP Team, they 
assured us that most of the axial forces would be 
counteracted by the hook at the bottom of the 
rocket shown in Figure 3.9. Changing the 
placement of the steel core may change aspects of 
the magnetic field however our current 
calculations do not account for this. Further 
information about this concern required intensive 
Figure 3.12. Solenoid with two layers. 
of wires. 
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research regarding the magnetic field and relative permeability of the core. Equation (3-18) was 
used to calculate the magnetic field strength. 
 
        𝐵𝑚 =
𝐵𝑟
2
𝐿𝑚
√𝑅𝑚
2 +𝐿𝑚
2
                         (3-18) 
 
In this equation, 𝐵𝑟 represents the residual magnetic field, 𝐿𝑚 the length of the magnet, and 
𝑅𝑚 the radius of the magnet as shown in Figure 3.10. These calculations resulted in a magnetic 
field of 0.54 T. As a safety factor, we increased the magnetic field to be 0.6 T. Following the 
determination of the properties of the magnet, we calculated the coil parameters as seen in Table 
3.9.  
 
Table 3.9. Coil parameters. 
Inner Diameter 0.5 Inches  
Number of Layers 2.0 - 
Number of Turns per Layers 16.5 - 
Wire Gauge 24 - 
Total Extra Series Resistance 1 Ohms 
Applied Voltage 48 Volts 
Applied Capacitance 4.0 Farads 
Relative Permeability of Core 100 - 
Outer Coil Diameter 0.69 Inches 
Total Resistance  1.5 Ohms 
Peak Current Flow 24 Amps 
Coil Inductance 2.0 Milli-Henry’s 
Time Constant Ratio 1.33 seconds 
 
 
We researched methods to calculate inductance, looking specifically for equations that 
include the effect of a steel core. The most basic equations for finding inductance are given in Eq. 
(3-19) and (3-20).  
 
           𝐿 =
𝜇𝑁2𝐴
𝑙
                (3-19) 
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𝜇 = 𝜇0𝜇𝑟         (3-20) 
 
The magnetic field created by the electromagnet is directly proportional to the current in 
the wire. We first calculated the required current to better understand how powerful the 
electromagnet needed to be. To find this current, Eq. (3-21) was rearranged from a WARRIORS I 
equation [21]:  
 
𝑖𝑚𝑖𝑛 =
2𝐵𝑚√𝑅𝑐
2+𝐿𝑐
2
𝜇0𝜇𝑟𝑁
     (3-21) 
 
In Eq. (3-21), 𝐵𝑚 represents the magnetic field created by the permanent magnet.  𝑅𝑐 is the 
radius of the coil, 𝐿𝑐 the length of the coil,  𝜇0 the permeability constant, 𝜇𝑟 the relative 
permeability, and 𝑁 the amount of turns of the wire. Due to the various equations and the 
overlapping situations to which these equations apply, we chose to merely use the permeability of 
free space constant multiplied by the relative permeability. From these calculations, we found that 
the minimum required current was 4.3 A.  
 
3.3 Results and Analysis  
We performed analyses on the two stage separation systems to produce designs that 
accomplished our project goals and team objectives. Our objectives were to create novel stage 
separation systems that were above-all-else reliable for multiple uses. We investigated the mass 
flow of CO2 stage separation system to determine that our system would properly pressurize the 
payload compart of the rocket body and jettison the nosecone at apogee. Additionally, we tested 
the CO2 separation system and conducted materials testing on rapidly manufactured parts. We 
tabulated necessary properties to analyze an electromagnetic booster separation system and 
determined the most efficient system arrangement. 
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3.3.1 Carbon Dioxide (CO2) Separation Results and Analysis 
CO2 Flow Calculations 
We calculated the amount of CO2 necessary to properly pressurize the payload 
compartment of the rocket tube as detailed in Section 3.2.1 and using the initial conditions 
specified in Table 3.10. The MATLAB code for these calculations can be seen in Appendix G. 
The mass flow of the CO2 varies with time, as well as the pressure, density, and temperature as 
explained in 3.2.1. We analyzed the mass flow out of the cartridge and into the payload section of 
the airframe with respect to time to estimate the time needed for the CO2 cartridge to deplete and 
the final pressure at that time point, as seen in Figure 3.13 and 3.14. Then, we applied isentropic 
relations to the CO2 in the cartridge and CO2 – air mixture in the rocket tube to determine the 
density, temperature, and pressure inside each volume. In Figure 3.13, the plot represents the 
change in pressure in the CO2 cartridge, while Figure 3.14 the change in pressure inside the payload 
compartment. In these plots, the two curves identified in the legend represent the pressure with a 
changing compressibility factor and with a compressibility factor of unity. It can be seen in Figure 
3.13 that the compressibility factor does not greatly affect the results of mass flow and pressure. 
We solved an ordinary differential equation, Eq. (3-5), to estimate the time-lag between the 
command to initiate separation and when the nosecone is ejected. 
For the CO2 flow calculation, the first stage of flow corresponds to the choked flow of CO2 
out of the cartridge into the rocket body as seen in Figure 3.13 and 3.14. We calculated the 
properties of the 12 g of CO2 inside the cartridge using the initial conditions in Table 3.10 and the 
equations given in Table 3.3. The CO2 cartridge depletes from an initial pressure of approximately 
6.4 MPa to higher than atmospheric pressure during stage one because it does not deplete 
completely. For the purpose of comparison, the changing mass flow rate and pressures are shown 
with a compressibility factor that is calculated at each timestep and of a constant value equal to 
unity (i.e. the ideal gas assumption) in Figures 3.13 and 3.14. The disparity between the two lines 
shows why the compressibility factor is necessary because the two results are not the same 
throughout the timespan. 
We first determined the properties of the air initially in the rocket tube, as seen in Table 
3.10, to find the final pressure in the rocket tube at the end of the choked flow regime, as well as 
the average fluid properties of the CO2 – air mixture in the rocket tube during CO2 depletion as 
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described in Section 3-2-1. At the conclusion of the first stage, the pressure is approximately 
219,671 Pa (31.9 psi) after 0.063 seconds, as seen in Figure 3.14. Additionally, the second line in 
Figure 3.14 shows at what point the necessary pressure differential is reached for the nosecone to 
jettison from the model rocket.  
 
Figure 3.13. Change in mass and pressure over time in the CO2 cartridge (first stage of 
flow) with a changing compressibility factor (Z) and as a perfect gas (Z =1). 
 
Figure 3.14. Change in mass and pressure over time in the payload compartment (first 
stage of flow). 
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Table 3.10. Initial values and physical constants for CO2 transient flow calculations. 
 
 
Variable Description Value at t=0s Units 
𝑃𝑐,0 Pressure in cartridge 6.4 𝑀𝑃𝑎 
𝑇𝑐,0 Temperature in cartridge 298 𝐾 
𝑚𝐶𝑂2 Mass of CO2 in cartridge 0.012 𝑘𝑔 
𝑉𝑐  Volume of cartridge 0.000014 𝑚
3 
𝑀𝐶𝑂2 Molar mass of CO2 44.01 
𝑔
𝑚𝑜𝑙
 
𝛾𝐶𝑂2 Ratio of specific heats of CO2 at standard pressure and temperature 1.28 unitless 
𝑅𝐶𝑂2 Gas constant of CO2 at standard pressure and temperature 188.9 
𝐽
𝑘𝑔 𝐾
 
𝑛𝐶𝑂2,0 Initial amount of CO2 0.2727 𝑚𝑜𝑙 
𝐶𝑝,𝐶𝑂2  Specific heat, constant pressure 0.849 
𝑘𝐽
𝑘𝑔 𝐾
 
𝑎 Van der Waal constant of CO2 1888.6 
𝑃𝑎 𝑚6 
𝑘𝑔2
 
𝑏 Van der Waal constant of CO2 0.0009748 
𝑚3
𝑘𝑔
 
𝜌𝑐,0 Density of gas in cartridge 857.14 
𝑘𝑔
𝑚3
 
𝑚𝑡,0
= 𝑚𝑎𝑖𝑟 
Mass of gas in rocket tube 0.2209 𝑘𝑔 
𝑀𝑎𝑖𝑟 Molar mass of air 28.96 
𝑔
𝑚𝑜𝑙
 
𝜌𝑡,𝑜 = 𝜌𝑎𝑖𝑟 Density of gas in tube 1.225 
𝑘𝑔
𝑚3
 
𝑃𝑡,0
=  𝑃𝑎𝑡𝑚 
Pressure of gas in tube 101,325 𝑃𝑎 
𝑇𝑡,0 Temperature in tube 298 𝐾 
𝑉𝑡 Volume of tube 0.00494 𝑚
3 
𝑅𝑎𝑖𝑟 Gas constant of air 287.05 
𝐽
𝑘𝑔 𝐾
 
𝐴𝑒 Exit area of cartridge 0.000001 𝑚
2 
𝑅𝑚𝑖𝑥
= 𝑅𝑎𝑖𝑟 
Gas constant of CO2 – air mixture 287.05 
𝐽
𝑘𝑔 𝐾
 
𝛾𝑚𝑖𝑥,0
= 𝛾𝑎𝑖𝑟 
Ratio of specific heats of CO2 – air mixture 1.403 unitless 
𝑛𝑎𝑖𝑟 Amount of air 7.6278 𝑚𝑜𝑙 
𝐶𝑝,𝑎𝑖𝑟 Specific heat, constant pressure 1.005 
𝑘𝐽
𝑘𝑔 𝐾
 
𝑅 Universal gas constant 8.314 
𝐽
𝑚𝑜𝑙 𝐾
 
𝑔 Acceleration due to gravity 9.81 
𝑚
𝑠2
 
𝑅𝑏𝑝 Gas constant of combustion of FFFF Black Powder 66.26 [15] 
𝑁 𝑚
𝑘𝑔 𝐾
 
𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 Temperature of combustion of FFFF Black Powder 1837.222 [15] 𝐾 
𝑚𝑛𝑜𝑠𝑒 Mass of nosecone 0.283495 𝑘𝑔 
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Figure 3.15. Change in pressure over time in the CO2 cartridge (top) and rocket tube 
(bottom) using the team’s model and Dutton’s model (first stage of flow). 
 
We also implemented an alternative method to model the CO2 flow out of the cartridge and 
to verify our model. Using a dimensionless method proposed by Dutton [45] to model the 
properties of discharging vessels, we compared the differential equation model developed by the 
team to results produced using Dutton’s method for the simplest case of flow. Dutton’s method 
allows the properties of flow to be calculated analytically because the gas is assumed to be perfect 
and therefore the transient properties can be reduced to only depend on time and the specific heat 
ratio of the gas in a dimensionless case. In this case, 12 g of CO2 flows into a rocket tube that is 
assumed to be evacuated prior to the process, with all other initial conditions remaining the same. 
Dutton specifies that the model assumes the gas to be of a uniform state, the average velocity in 
the tank to be equal to zero, the cartridge opening to be an ideal converging nozzle with isentropic 
flow, and the flow to be one-dimensional. In this model, gravitational potential energy and shear 
and shaft work are neglected. Additionally, the gas is assumed to be thermally and calorically 
perfect and the thermodynamic process is adiabatic. In the case of a discharging pressure vessel 
the dimensionless pressure, 𝑃𝑑𝑖𝑠𝑐ℎ
+ , can be calculated as seen in Eq. (3-22). The dimensionless 
pressure in the cartridge is related to the pressure by the relation 𝑃𝑐 = 𝑃
+𝑃𝑐0. The dimensionless 
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time period, 𝑡+, is arbitrary and is related to the timespan by the relation 𝑡 = 𝑡+ (
𝑉𝑐
𝐴𝑒𝑎𝑖
), where 𝑎𝑖 
is the initial speed of sound in the cartridge calculated using the initial properties of the CO2. The 
calculated results for the case of a discharging pressure vessel in Figure 3.15 are similar to the 
results produced using the model we developed. 
 
                         𝑃𝑑𝑖𝑠𝑐ℎ
+ = [1 + (
𝛾𝐶𝑂2−1
2
) (
𝛾𝐶𝑂2+1
2
)
−(𝛾𝐶𝑂2
+1)
2(𝛾𝐶𝑂2
−1) 𝑡+]
−2𝛾𝐶𝑂2
𝛾𝐶𝑂2
−1
     (3-22) 
 
Twelve grams of CO2 is sufficient to properly pressurize the nosecone based on the 
assumption that the necessary pressure difference between the rocket tube and the outside air must 
be between 68947.6 to 103421 Pa (10 to 15 psi). The final pressure at the end of the first stage of 
flow is 219,671 Pa (31.9 psi), which is greater than the necessary pressure to jettison the nosecone 
206,288 Pa. When we subtracted the pressure necessary to overcome friction on the nosecone, the 
pressure differential is 116,804 Pa (16.9 psi) which is enough to jettison the nosecone. It is 
necessary to perform ground tests using various sizes of CO2 cartridges to verify these results to 
account for assumptions made during the analysis. 
 
Carbon Dioxide (CO2) System Testing 
 We conducted several tests of different aspects of the CO2 separation assembly. The first 
test was a functionality test of the magazine assembly where we loaded a CO2 cartridge into the 
magazine and pressed the release button. During this process, we recorded the time it took for all 
the CO2 to be released which took approximately 0.5 s. One of the biggest problems that we noticed 
in the initial CO2 testing was the tendency of the magazine to leak. This was because of two factors: 
we were inexperienced in properly loading the CO2 cartridges into the magazine and the 
components of the magazine had slight gaps in them. To combat these issues, we purchased liquid 
gasket maker and used it to seal the gaps in the gas system. 
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We completed leak testing after the liquid gasket maker had time to properly set. First,  
we conducted an audible test. This was completed by depleting a magazine with a fully loaded 
CO2 cartridge and listening for leaks. We did not hear any leaks after applying the liquid gasket 
maker. We conducted two more leak tests: a short-term test and a long-term test. The short-term 
test consisted of loading a magazine and then submerging it in a bucket filled with water and dish 
soap as seen in Figure 3.16. The magazine was then let to sit for ten to fifteen minutes. During this 
time, we monitored the magazine to see if any bubbles formed which would indicate a leak in the 
system. This test proved to be a success as no bubbles had formed and no CO2 appeared to have 
leaked out of the system. The next test we conducted was the long-term test, which consisted of 
loading a magazine with CO2 and allowing it to sit for two hours. We measured the initial mass of 
the magazine and loaded cartridge and remeasured the assembly again after the two-hour period. 
This test also proved to be a success as the initial mass of the magazine was the same as the mass 
of the magazine taken after two hours within the measurement error. After these tests were 
successful, the entire assembly was constructed. 
Before the overall separation system could be mounted on the inside of the rocket, we 
needed to test the system to prove the functionality of the firing mechanism. We conducted a test 
to confirm that the firing mechanism would function on its own, as seen in Figure 3.17, without 
the inclusion of the magazine. We assembled the CO2 assembly system and connected the motor 
Figure 3.17. CO2 System test. 
 
Figure 3.16. CO2 short-term leak test. 
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to a 12 V power supply. Upon activation of the power supply, the motor shaft began to rotate and 
the nut that was on the threaded rod began to translate inside the housing as intended. Once the 
firing mechanism was proven to function on its own, a new CO2 cartridge was loaded into the 
magazine. We clamped the magazine to the laboratory bench for testing to prevent movement, and 
a clamp was placed behind the motor so that its imparted force would not push it backwards and 
out of the assembly. We then clamped down the firing mechanism assembly next to the magazine, 
such that the rotation of the motor inside of the housing causes the nut to translate, which in turn 
causes the actuator to press and hold the release button on the magazine.  
We then activated the power supply to initiate the movement of the motor. The motor shaft 
rotated, and the nut translated properly as with the first test. However, when the actuator contacted 
the release button, the motor stalled out. This test was conducted three times in a row to rule out 
any external factors in the test causing the motor to stall out. We then emptied the CO2 from the 
magazine and the test was run again with an empty magazine. This time the actuator was successful 
with pressing and holding the release button before the motor stalled out. We revisited our previous 
calculations and determined that based on known properties of the threaded rod and estimated 
friction values, the motor should produce enough torque. We expect that this means the friction 
force due to the custom-designed parts is higher than we expected. The release button on the 
magazine requires different amounts of force to press it when the magazine is loaded with CO2 as 
compared to when it is empty; when the magazine is loaded with CO2, 12-15 lbs is required to 
actuate it. The success of the mechanism leads us to believe that the amount of torque is not high 
enough to generate 12-15 lbs of force. Additionally, the amount of torque necessary to produce 
12-15 lbs of force is closer to the stall torque of the 460-rpm motor, not the optimal torque for use. 
We also found that the custom-machined coupler that connected the motor shaft to the 
turned down threaded rod was oscillating slightly due to the length of the set screws. The set screws 
were contacting the housing during each revolution, which caused the actuation to occur at a slight 
angle. This angle means that only some of the total force was delivered to the button although we 
are not certain if the oscillation was enough to significantly affect the force on the button. 
 
Launch Analysis 
 The first attempted launch for the rocket occurred on January 19th, 2019. The CO2 
separation system was not functional by this date. As a result, we used a black powder separation 
   
 
   
  100 
system rather than the CO2 system. Black ejection charges are common for stage separation in 
model rocketry. We calculated that approximately 2.3 g of black power would be needed to 
successfully separate the nosecone from the rocket body. During the preparations leading up to the 
launch, we conducted a static ground test of the black powder ejection charge system. A black 
powder charge was measured and loaded into the rocket and an electric match was put into the 
charge. The charge was then remotely detonated by the range safety officers, and separation was 
visually confirmed. During the ground test, the nosecone separated farther from the rocket body 
than was necessary for successful mid-flight separation. This occurred because the amount of black 
powder charge needed was calculated using a necessary internal pressure of 15 psi, the high end 
of the 10-15 psi range recommended by the model rocketry group NASSA [41]. Additionally, the 
scale we brought to the launch site malfunctioned while we there, and therefore the black powder 
amount may have been overestimated.  
 
Material Testing 
 After we 3D printed the polylactide (PLA) test specimens, we hoped to conduct tensile 
testing on the specimens. Unfortunately, due to unavailability of machines, the tensile testing of 
these specimens was not completed. During an attempt to conduct the testing, we found that the 
yield strength of the PLA specimens was very close to the 2000 N load cell of the Instron tensile 
tester we were using. The testing was halted because applying a force greater than the load cell 
limit can result in the damage to the machine. We attempted to use a different tensile tester with a 
3000 N load cell, however the larger Instron was not functional during our project. 
 
3.3.2 Electromagnetic Separation Results and Analysis 
We created a MATLAB® code to graph the current as a function of time using our updated 
resistance, capacitance, and other circuit properties as described in Section 3.2.2. For these 
calculations, we included capacitors of different values to gain an understanding of the effect of 
different capacitances on the system. The time-dependent current in the “RLC” circuit is described 
by Eq. (3-7) and (3-8) in Section 3.1.2, reprinted here for clarity.  
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𝑝1,2 = −
𝑅
2𝐿
± √(
𝑅
2𝐿
)
2
−
1
𝐶𝐿
       (3-7) 
 
𝑖(𝑡) = −
𝑈1
𝐿
(
1
𝑝1−𝑝2
𝑒𝑝1𝑡 +
1
𝑝2−𝑝1
𝑒𝑝2𝑡)     (3-8) 
 
In Eq. (3-7), 𝑅 represents the total resistance, 𝐿 the inductance, 𝐶 the capacitance, p1,2 the zeros of 
denominator, and 𝑈 the voltage.  
 
 
Figure 3.18. Current vs time with varying capacitance. Curves represent solutions with 
R=1.5 𝛀 , V=48 V and L=2 millihenries. 
 
The maximum current over the range of capacitance assumed exceeded the minimum 
current necessary for separation. In Section 3.2.2, this was shown to be approximately 5 A.  Based 
on these results, most of the capacitors would store sufficient energy for the system. However, 
time is a variable that we must take into consideration. If the magnetic field is not present for a 
sufficient time, the booster may not eject. As such, the time constant was calculated to estimate 
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the amount of time over which the booster could eject. To reach convergence, the amps is 5 
multiplied by the time constant [59]. The time constant for the circuit described in Figure 3.18 was 
calculated to be 1.4 milliseconds, giving a maximum time to reach steady state of 7 milliseconds. 
The time constant duration must allow enough time for successful separation which would most 
reliably be measured in testing.  
Additionally, since the circuit is an oscillatory system, the damping ratio is an important 
characteristic of the system. An oscillatory system can be either underdamped, critically damped, 
or overdamped [58]. It would be beneficial for the electromagnetic stage separation system to have 
a critically damped system. If the system were to be overdamped, the current may not be strong 
enough in a short amount of time to create a sufficiently strong magnetic field for successful stage 
separation. On the other hand, if the system were to be underdamped, an oscillatory behavior would 
appear which might reverse the magnetic field. This reversal could potentially “pull back” the 
magnet during separation and would lead to a separation failure.  
We used these results to design a prototype system with capacitors of varying strength. The 
resulting system contained smaller capacitors, which results in a lower mass than that in the 
WARRIORS I and II designs. Not only was mass reduction a priority, but also assuring that the 
calculations were accurate so that they can be used for different situations. To measure these 
calculations, we utilized the circuit structure as shown in Figure 3.19. 
 
Figure 3.19. Circuit for electromagnet separation. 
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The entire electric circuit is shown for the two electromagnets. A new change in this circuit 
is the replacement of the switch. Our project utilized a MOFSET, or a metal-oxide semiconductor 
field-effect transistor. Our research showed that a MOFSET is a voltage driven switch capable of 
withstanding high currents. 
The first step was to measure the force of the permanent magnet. To do so, we acquired a 
force gauge from the physics department with the help of faculty. Issues occurred with the 
integration with the steel core and the force gauge due to being unable to use the hook on a cylinder. 
To fix this, the setup was as followed. The force gauge was secured vertically with the hook facing 
downwards. A small hole had to be drilled in the steel core to wrap a string through. This string 
was then connected to the hook of the force gauge. We were only able to drill a hole in the 0.5 in 
length cylinder and not the 0.2 in length due to size constraints. Figure 3.20 is an example of the 
force exhibited by the permanent magnet on the steel core. Over five tests, we received an average 
of 20.3 N. These tests were extremely consistent and are used as a worst-case scenario considering 
that the steel core that was used for the test is smaller.   
 
 
Figure 3.20. Forces vs time for a permanent magnet force test. 
 
The simple design of the WARRIORS I circuit [21] was utilized as a foundation. While 
the main components of the circuit remained, some changes were done for better optimization. In 
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the WARRIORS I circuit, they used a TRIAC as a switch [21]. This switch would turn open the 
circuit so that the capacitor would discharge through the electromagnet. Instead of using a TRIAC 
transistor, we instead chose on a MOFSET. A MOFSET is a three terminal fully controlled switch. 
The reason why the MOFSET was chosen was because it is a capacitively driven transistor and 
the FDC MQP Team had experience using this switch in their design as referenced in MAD-1901 
[2]. Another change in the circuit was the resistance value. We lowered the resistance to increase 
the amount of current. Since this circuit processed high power, special care was taken to assure the 
safety of the circuit. The power rating of the resistors was considered, and we purchased higher 
rated resistors.  
Observing the magnet ejection from the electromagnet indicated a success. After charging 
the capacitor, and upon activating the switch, the magnet ejected forcefully. Considering that a 
small amount of force is needed until the air drag separate the booster, the force to eject we 
calculated was accurate. Depending on the circuit parameters, with enough amounts of current the 
magnet ejects out of the tubing. however, to fully understand if our calculations were correct, we 
required measurements of the voltages and currents in the circuit. We utilized an oscilloscope to 
be able to measure these values.  
We had difficulties obtaining a 48 V power supply as we originally intended. The DC 
power supply that we were using only reached to roughly 31 V. Because of this we had to alter our 
calculations slightly to compensate. We changed the MATLAB® code values in consideration of 
this change. 
One of our main goals for testing was to compare our calculations with measured values. 
To accomplish this, we measured the voltage and current values of the circuit. We used the 
Tektronix TDS 2004B oscilloscope to measure these quantities and a DC power supply for the 
voltage. Due to the limitations of the power supply as mentioned above, we took note of the voltage 
being produced and replicated that value in equations (3.28) and (3.29). Figure 3.21 shows the data 
from the DC power source and the oscilloscope.  
Figure 3.21 shows the data from an oscilloscope for one of our discharge tests. The orange 
data are the voltage and the purple data are the current. In this graph, once the switch is activated, 
the voltage drops and the current spikes and then slowly depletes. The peak current almost reaches 
to 3 A until it starts to decrease. This relationship was expected and validates the data that we 
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received. To test the calculations and the MATLAB® code, the data from the tests was extrapolated 
and compared to. Figure 3.22 shows this graph. 
 
 
Figure 3.21. Oscilloscope data displaying voltage and current graph for circuit with 
properties R=10 𝛀, V=31 V, L=2 milliHenries, and 4,700 microFarads. 
   
 
Figure 3.22. Comparison of MATLAB® data calculations and measured values for circuit 
R=10 𝛀, V=31 V, L=2 milliHenries, and 4,700 microFarads. 
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Comparing Figure 3.21 and Figure 3.22 above, the current history shows a similar trend. 
The MATLAB® code results plotted in Figure 3.22 were used to determine the current from an 
RLC circuit with given parameters for resistance and voltage. These data points are plotted over a 
range of capacitance to visualize the difference in current after changing the capacitance. The 
resistance and voltage inputted to that code are identical so that a comparison can be made. The 
main differences between these data points are the peak value and the rate at which the current 
depletes. These data points show that the calculations can produce a realistic value for the current 
in this type of circuit, however further modifications must be made to account for realistic 
conditions. There are many different possibilities for the difference in decay time. 
Potential differences between the calculation model and the actual measurements are listed. 
The calculation does not consider the resistance in a wire. While in calculations they can be 
considered negligible, they may skew the results slightly. Additionally, there are varying tolerance 
factors in all the equipment we used. This further alters the results. Finally, the electromagnets 
were homemade which introduces human error in the fabrication of the system. Specifically, the 
spacing between each wire would be inconsistent. Besides these factors, by adjusting the 
calculations in the equations and optimizing the circuit, our goals for this project were met. 
Comparing the calculated data with the measured data, they match and therefore validates our 
testing and provides a level of certainty that the calculations are accurate.  
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Chapter 4: Recovery 
 With the advent of reusable rocket technology by SpaceX, others have begun 
chasing the idea of a recoverable rocket. The development of a high-power rocket brings the 
opportunity to attempt innovations of this kind on a smaller scale. Due to advances in micro-
circuitry, the computing power necessary to calculate the angle that rocket motor thrust should be 
when performing a powered landing is small enough to put on a model rocket. Companies such as 
Barnard Propulsion Systems, LLC [60] have specially developed computer processors that can 
perform these maneuvers through quicker calculations and more sensitive sensors. Unfortunately, 
the limitations of a hobby rocket launch and the safety concerns raised when attempting a 
completely powered-descent, such as limited budget and the dangers of launching in a field that 
could catch fire if the motors burned too close to the ground, makes the method impractical for 
amateur model rocketry. 
Innovative recovery options that currently exist in model rocketry include glider recovery, 
spin recovery, drag device deployment, and helicopter [5]. The glider recovery method would 
effectively transition the rocket body into a fuselage for a flying wing or traditional glider [5]. This 
design concept was employed on the Space Shuttle. Spin stabilized utilizes the fins to create drag 
and stabilize the rocket upon return [5]. This method of recovery is difficult to execute on a large-
scale rocket because of the required size of the fins and the stronger effect any disturbances would 
have on a larger body. The method would risk destruction of the rocket. A drag deployment device 
deploys a rigid surface which applies a drag force to the rocket body. This system would require 
large internal storage space and a risky deployment. 
 
4.1. Autorotation 
Helicopter recovery, more accurately autorotation recovery, is a rare form of recovery in 
model rocketry and in industry. The ROTON was a Vertical Takeoff, Vertical Landing (VTVL) 
concept designed in the 1990s [61] as a solution to the problem of returning a rocket safely to the 
ground. The ROTON used rocket engines placed at the ends of rotor blades to produce lift and 
stabilize the vehicle. Unfortunately, the concept of the ROTON was never fully realized and the 
company shut down in 2001. Hobby rocketeers have tried to use the concept of autorotation to 
successfully recover their systems. Auto rotation kits for model rockets are available from Apogee 
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Components such as the Gyro Chaser, as seen in Figure 4.1, and mini-copter, eRockets’ Semroc 
kits, and Estes’ Flip Flyer [62].  
 
 
Figure 4.1. Gyro Chaser [62]. Copyright © 2018 Apogee Components. 
 
Examples of the use of autorotation make it a viable option for the recovery system of a 
larger scale model rocket. The Kopter designs [63] found in a rocket design catalog dating from 
1980, show a 20 in long rocket with internal deployable blades. These blades were oriented inside 
the rocket and opened using rubber bands. We used the setup of the blades inside the Kopter 
designs to understand the layout required to place the autorotation fins inside the model rocket 
body.  
Project Hummingbird was a project conducted in 2017 by students at Embry-Riddle 
Aeronautical University [64]. The project tested the recovery of a rocket using autorotation. Project 
Hummingbird used an internally stored rotor-hub and a set of externally folded blades as the 
autorotation system. The autorotation system was built to be used inside a small sounding rocket 
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which reached an altitude of about 2,700 meters (8858 ft). At apogee, the rocket deployed a drogue 
parachute to vertically orientate the rocket, after which the blades opened, and rotation began. The 
students found it difficult to calculate how the autorotation system would perform, therefore they 
performed scaled tests to determine rotation characteristics.  
The state of autorotation occurs when a rotor system continues to rotate and produce lift 
due to aerodynamic flow of air over blades, most commonly in relation to a helicopter [65]. Just 
as an airplane can continue to glide without power, a helicopter can continue auto-rotating to 
safety. Because a helicopter is generally moving forward when it begins to autorotate, parts of the 
blade are accelerating and applying torque to the central hub while others are pushing through the 
air creating lift the same way as a wing does. This is different from the rocket autorotation system 
because when the blades are deployed, the rocket is traveling directly downward and needs to start 
with no rotational velocity. The power required to produce lift comes from the relative wind 
traveling upwards from underneath the blades with a velocity U. The basic equation to calculate 
lift Eq. (4-1) is based on the velocity U, the density of the fluid around it ρ, which is calculated 
using the ideal gas law Eq. (2-3) for air based on the local temperature and pressure, the area of a 
chosen wing A, and the airfoil shape’s coefficient of lift or CL. Based on the literature, reasonable 
coefficients of lift typically range anywhere from 0.4 to 1.8 [66]. 
 
                                                   𝐿 = 𝐶𝐿  
1
2
𝑈2𝐴 𝜌                                                          (4-1) 
 
This means that the blades should have a negative angle, so that the upward rushing wind 
can accelerate the blades. As the blades begin to rotate, different parts of the blade are traveling at 
different velocities relative to the wind. This changes the lift created by different parts of the blade 
along the span of the blade because velocity U from Eq. (4-1). With the drag vector also in the 
direction opposite to the acceleration of the falling rocket, it will also aid in the stable descent of 
the rocket. These characteristics along the span of a blade are illustrated in Figure 4.2. The left 
side of this figure illustrates the different regions and points of equilibrium on a blade in 
autorotation descent. The different regions include the driven region (A), driving region (C), and 
the stall region (E). The driven region and stall region are the sections on the blade where drag is 
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produced. While the driven region is where the autorotative force or lift is produced. The two 
points of equilibrium (B and D) are located between the driven region and driving region, and the 
driving region and the stall region. The four panels on the right side illustrate the free body 
diagrams of the airfoils at each region and point of equilibrium. Each panel shows the angle of 
attack, lift force, drag force, and total aerodynamic force vectors. 
 
Figure 4.2. Force vectors in vertical autorotation descent [67]. Copyright © 2018 
FlightLearnings.com. 
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In a twisted blade, we identify a “driving region,” which produces the forces necessary to 
turn the blades. The goal in the design of an autorotation system is to have this driving region 
extend over about 40 percent of the blade radius in order to keep the blades rotating quickly enough 
to produce enough lift to maintain the desired decent rate. This desire to optimize the 
characteristics of separate parts of the blade leads to a design, characteristic of most rotating blades 
such as airplane propellers and wind turbines, in which the blades are twisted. Meaning that each 
region of the blade has a different angle of attack. 
 
4.2 Methodology 
This section presents our methodology to calculate the force provided by an autorotation 
recovery system to slow the rocket’s descent. The MATLAB® code for the calculation using this 
design methodology is presented in Appendix J. We created the initial designs for the recovery 
system to meet our objective of developing novel and innovative recovery systems. We reviewed 
four different designs and ranked them based on levels of risk relative to an established baseline 
option. Compared with the baseline, these three options were identified as low, medium, and high 
risk. The baseline option was a conventional parachute-based recovery system, the low-risk option 
was spin-stabilization with parachute recovery, the medium-risk option was 
helicopter/autorotation descent, and the high-risk option was powered descent recovery. We chose 
autorotation descent as an innovative approach to recover a high-power model rocket in order to 
meet the project goals of and offer a feasible design challenge.  
Autorotation has been used in small (< 1 kg) model rockets; however, it is rare to find a 
high-power model rocket with an autorotation recovery system. Therefore, successfully creating 
an autorotation system would accomplish the recovery team’s objectives. We chose parachute 
recovery for our first test launch in January 2019, prior to the completion of the autorotation 
system. After choosing a parachute and autorotation system, we were able to state the objectives 
for the recovery system.  
• Design and build a successful autorotation system to be deployed with a drogue parachute 
that will achieve the correct landing velocity and return the rocket to the ground safely 
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4.2.1. Autorotation Design 
Autorotation is an uncommon recovery system for high-power model rockets; however, 
kits for low power model rockets are widely available. These kits come with pre-made blades 
attached to the rocket body. Designing and fabricating blades as well as a system to deploy the 
blades is an innovative and difficult design challenge. We pursued both designs as part of this 
project. 
The autorotation option for high-powered rockets has been approached few times and 
therefore, despite an extensive literature search, we were not able to find documentation for solving 
this problem. The first approach we considered as a guide, was for the case of a helicopter which 
has lost power and must autorotate safely to landing. We found some basic characteristics required 
to calculate the properties needed to design the blades using Flight Performance of Fixed and 
Rotary Wing Aircraft by Antonio Filippone [68].  
 
Table 4.1. Nomenclature and units for blade design. 
Variable  Name Units Variable  Name Units 
𝑊 Weight  N 𝜆 Tip Speed Ratio ~ 
𝜌 Air Density  
𝑘𝑔
𝑚3
 
𝑊
𝐴𝐷
 Disc Loading Ratio 
𝑘𝑔
𝑚3
 
𝑐 Chord Length  m Ω𝑅 Root tip speed  
𝑚
𝑠
 
N Number of Blades ~ Ω Equilibrium Rotational Speed of Blade 
𝑟𝑎𝑑
𝑠
 
𝑅 Blade Span  m 𝛼 Angle of Attack Deg. 
𝑟 Distance along span m ∅ Local Inflow Angle  Deg.  
𝐴𝐷 Area of Disc  𝑚
2 𝜓 Angle of Twist  Deg.  
𝑏 Number of Blades  ~ 𝐶𝑙 Lift Coefficient  ~ 
𝑚 Mass kg 𝐶𝑑 Drag Coefficient  ~ 
𝑉𝑤 Descent Velocity  
𝑚
𝑠
 𝑉𝑟𝑒𝑙 Wind velocity relative to the blades 
𝑚
𝑠
 
𝑎 Acceleration 
𝑚
𝑠2
 𝐹ℎ𝑟 Horizontal Force  N 
𝑎𝑡 Angular Acceleration 
𝑟𝑎𝑑
𝑠2
 𝐹𝑔 Gravity  
𝑚
𝑠2
 
𝐿 Lift  N 𝑇 Torque Nm 
𝐿𝑟 Lift Along the Span of the Blade  N 𝐼 Moment of Inertia  𝑘𝑔𝑚
2 
𝐷𝑟 Drag Along the Span of the Blade  N 𝑑𝑡 Time Step s 
𝑣 Velocity 
𝑚
𝑠
 𝑑𝑆 Differential Segments of the Blade Span m 
𝑣0 Initial Velocity 
𝑚
𝑠
 𝑑𝐹𝑡𝑜𝑡 Differential Total Force  N 
𝑣𝑓 Final Velocity 
𝑚
𝑠
 𝐹𝑇𝑂𝑇 Total Force N 
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𝜔 Angular Velocity  
𝑟𝑎𝑑
𝑠
 ℎ0 Initial Height m 
𝜔0 Initial Angular Velocity  
𝑟𝑎𝑑
𝑠
 D Drag N 
h Height m 𝜎 Rotor Disk Solidity ~ 
𝜇 Ratio Along Span of Blade ~ 
 
 
 
All the parameters used in the model described in this section are defined in Table 4.1. The 
primary characteristic used to calculate various properties of an autorotating blade is the root tip 
speed Eq. (4-2). The root tip speed, located at the tip on the blade in Figure 4.4, is the velocity at 
which the tip of the autorotating blade is in a state of equilibrium, which means that the blades are 
neither accelerating nor decelerating, but have constant angular velocity. In Eq. (4-2), 𝑅 represents 
the span of the blade and Ω the rotational speed of the blade (in radians per second). The span of 
the blade, R, is determined by the geometry of the internal space of the rocket. We were limited 
by the internal space in the payload compartment of the rocket that was allotted to our team. The 
rotational rate of the blade is used to calculate the relative velocity of air along the span of the 
blade in later calculations. The velocity of air along the span of the blade is shown in Figure 4.4. 
 
                                            Ω𝑅 =  √
6𝑊
𝐶𝑙𝜌𝐴𝐷𝜎
                                                           (4-2) 
 
Equation (4-2) relates the root tip speed to the weight of the payload, 𝑊, the coefficient of 
lift, 𝐶𝑙, the density of ambient air, 𝜌, the area of the disk swept by the rotors, 𝐴𝐷, and the rotor 
disk solidity, 𝜎. The rotor disk solidity is calculated in Fig 4.3 by multiplying the number of blades 
N with the chord length c, then dividing by the span R multiplied by π. The area of the disk, as 
given by Eq. (4-3), is the total area that the blades sweep out. The rotor disc solidity is calculated 
in various ways depending on the physical design of the deployment system, as seen in Figure 4.3. 
However, we used the formula shown as Solution 1 (in Fig. 4.3) for the rotor disk solidity because 
our design required a central hub around which to rotate. 
 
                         A𝐷 =  πR
2                                                                       (4-3) 
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Figure 4.3. Diagram showing top view of rotor and three methods of calculating rotor blade 
solidity [69]. Copyright © 2015 Riccardi Possamai. 
 
The equations shown in Figure 4.3, are used to calculate rotor solidity, where 𝑁 is the 
number of rotors, 𝑐 is the chord length, R is the span of the blade and a is an axial induction factor. 
From this point there was no clear way to determine the value of 𝐶𝑙 using helicopter design 
techniques. Autorotation is usually a secondary characteristic approached by helicopter designers, 
which is generally under power, with adjustable pitch rotors, and consist of a single airfoil shape 
along the entire blade length. Thus, we needed to approach the challenge of designing the 
autorotation system differently. 
A wind turbine is an aerodynamic blade but is not under power and is therefore optimized 
to produce maximum lift from the oncoming wind. The main difference is that a wind turbine is 
optimized to rotate at the maximum velocity possible in order to produce high torque, while the 
autorotation recovery system calls for more force to be generated perpendicular to the plane of the 
spinning blade [65]. This means that wind turbine is optimized to reduce drag produced from the 
blade. But we are attempting to slow the rocket down during descent. Therefore, the wind turbine 
design method outlined in a standard reference such as The Wind Energy Handbook by Burton et. 
al. [66], is not entirely applicable for our analysis; however, we referred to the blade geometry of 
wind turbines as a guide. Specifically focusing on the lift coefficients of wind turbines.  
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 Data presented in Wind Energy Handbook and Design of a Tapered and Twisted Blade for 
the NREL Combined Experiment Rotor [70], shows that most lift coefficients of wind turbines at 
the tips of the blades are quite low and always less than one. Producing an initial 𝐶𝑙 guess around 
0.5 allows for a tip speed guess using Eq. (4-2). In order to be usable, the tip speed needs to be 
divided by the downward velocity, shown in Eq. (4-4). The wind velocity, 𝑣𝑤, is assumed to be the 
decent velocity in the case of an autorotation recovery system. 
 
             𝜆 =
ΩR
𝑣𝑤
                                                    (4-4) 
 
After we determined an optimal tip speed and tip speed ratio based on the decent velocity, 
we calculated the coefficient of lift along the span of the blade. We calculated the coefficient of 
lift using the design for variable-speed equation developed in the Wind Energy Handbook to 
maximize the power produced by each element of the blade as seen in Eq. (4-5). In Eq. (4-5), µ 
represents a nondimensional coordinate along the span of the blade 
𝑟
𝑅
, with the origin at the root or 
center. Each of these 
𝑟
𝑅
 differentials represent a blade element that is being analyzed.  
 
 
                    𝐶𝑙 =
8
9
1
𝑏𝑐𝜆
2𝜋 √(1−
1
3
)2+𝜆2𝜇2(1+
2
9(𝜆2𝜇2)
)2
                                             (4-5) 
 
 
Because of the limit placed on the span of the blades from the geometry, we knew that we 
would need to optimize the blades by twisting them in order to change the angle of attack along 
the blade. If the blades are not twisted, the angle of relative wind close to the center (i.e. the root) 
of the blades would be too large to create lift and would be stalled. Another way to increase the 
performance of the blades is by designing for a different tip speed, calculated using Eq. (4-2). In 
the case of our project, we had limitations due to the internal space available to fit the blades. 
However, if it were possible to allot more internal space to the autorotation system, we could 
   
 
   
  116 
increase the tip speed by increasing the span, 𝑅, and finding the balance between the number of 
blades and the chord length. 
To understand the forces produced by the blades requires an understanding of how the 
relative wind varies along the span of the blade. Figures 4.4 and 4.5 show our reference system. 
Figure 4.5 represents the cross section at a coordinate r along the total span R.   
 
 
Figure 4.4. Autorotation system reference frame. 
 
           𝑉𝑟𝑒𝑙(𝑟) = √(Ω𝑟)2 + 𝑣𝑤2                       (4-6) 
 
   𝜑 = 𝑎𝑟𝑐𝑠𝑖𝑛(
𝑣𝑤
Ω𝑟
)                                 (4-7) 
 
      𝛼 = 𝜑 − 𝜓                                           (4-8) 
 
In Eq. (4-8), 𝜓 represents the angle of twist, with “no-twist” corresponding to a location 
at which the chord is perpendicular to the downward velocity, which can be determined during 
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final blade design. Equations (4-6) and (4-7) are visualized in Figure 4.4. Where 𝑉𝑟𝑒𝑙(𝑟) is the 
red vector in the direction of the relative wind velocity and 𝜑, the local inflow angle, is the angle 
between the root tip speed and the relative wind velocity. After we determined the coefficients of 
lift along the blade, we calculated the coefficients of drag. Because we solved for a blade in an 
equilibrium state, we knew that the lift and drag force components along the axis of rotation are 
equal, show in Eq. (4-9). 
 
 
 
Figure 4.5. Relative wind reference frame. 
 
              𝐿𝑠𝑖𝑛(𝛼) = 𝐷𝑐𝑜𝑠(𝛼)                                                           (4-9) 
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                  𝐿𝑟 =
1
2
𝜌𝐴𝐶𝑙𝑉𝑟𝑒𝑙(𝑟)
2                                                          (4-10) 
 
                  𝐷𝑟 =
1
2
𝜌𝐴𝐶𝐷𝑉𝑟𝑒𝑙(𝑟)
2                                                                 (4-11) 
 
                                         𝐶𝐷(𝑟) = 𝐶𝑙(𝑟)𝑡𝑎𝑛(𝛼)                                                 (4-12) 
 
The final check to ensure that the forces being produced are enough to stop the acceleration 
of the rocket is done by summing the forces produced by each section of the blade in the upward 
direction. If this 𝐹𝑡𝑜𝑡 equals the weight of the rocket, then the blades will be producing enough lift 
to maintain a constant velocity. The methodology to calculate the total upward force produced by 
the autorotation recovery system is outlined in Table 4.2. In this table, the first column lists the 
equation used to calculate the given parameter. The second column lists the parameters used in the 
calculation for that step, that are either assumed or known from another source such as a reference. 
The third column lists parameters that appear in the equation that have been calculated in a prior 
step. The fourth column lists the values that are unknown in the equation. The fifth column lists 
the number for the source (from the literature review), where the equation was found, with numbers 
corresponding the References Section of this report. The last column lists the Equation number (if 
any) that identities the equation in the original source.   
 
Table 4.2. Autorotation blade design calculations. 
 
Equation 
Given/ 
Assumed 
Previously 
Calculated 
Unknowns Reference 
Equation # 
in Reference 
𝜎 =
𝑏 ∙ 𝑐
𝜋 ∙ 𝑅
 𝑏, 𝑐, 𝑅 ~ 𝜎 [68] ~ 
𝐴𝐷 = 𝜋 ∙ 𝑅
2 𝑅 ~ 𝐴𝐷 [68] ~ 
𝑑𝑆 = 𝑐 ∙ .01 𝑐 ~ 𝑑𝑆 [68] ~ 
Ω𝑅 = √
6 ∙ 𝑊
𝜎 ∙ 𝐶𝑙 ∙ 𝜌 ∙ 𝐴𝐷
 𝑊, 𝑅, 𝜌, 𝐶𝑙 𝜎, 𝐴𝐷 Ω [68] ~ 
𝜆 =  
Ω𝑅
𝑉𝑤
 𝑉𝑤 Ω ∙ 𝑅 𝜆 [68] ~ 
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𝜇 =
𝑟
𝑅
 𝑟, 𝑅 ~ 𝜇 [66] 3.50a 
𝐶𝑙
=
8
9
1
𝑏 ∙ 𝑐 ∙ 𝜆
2 ∙ 𝜋 √(1 −
1
3)
2 + 𝜆2 ∙ 𝜇2[1 +
2
9(𝜆2 ∙ 𝜇2)
]
 𝑏, 𝑐 𝜆, 𝜇 𝐶𝑙 [66] 3.67a 
𝑉𝑟𝑒𝑙 = √(Ωr)2 + (𝑉𝑤)2 𝑉𝑤 , 𝑟 Ω 𝑉𝑟𝑒𝑙  [68] ~ 
∅ = arcsin (
𝑉𝑤
Ωr
) r, 𝑉𝑤 Ω ∙ r ∅ [66] 3.42 
𝛼 = ∅ − 𝜓 𝜓 ∅ 𝛼 [66] 3.43 
𝐿𝑟 =
1
2
∙ 𝑉𝑟𝑒𝑙
2 ∙ 𝐴𝐷 ∙ 𝐶𝑙 ∙ 𝜌 𝐶𝑙 𝐴𝐷, 𝑉𝑟𝑒𝑙  𝐿′ [68] ~ 
𝐷𝑟 =
1
2
∙ 𝑉𝑟𝑒𝑙
2 ∙ 𝐴𝐷 ∙ 𝐶𝑑 ∙ 𝜌 𝐶𝑑 𝐴𝐷, 𝑉𝑟𝑒𝑙  𝐷′ [68] ~ 
𝐶𝑑 = 𝐶𝑙 ∙ tan (𝛼) 𝐶𝑙 𝛼 𝐶𝑑 [68] ~ 
d𝐹𝑡𝑜𝑡 = 𝑊 = 𝐷𝑟 ∙ sin(𝛼)𝑑𝑆 + 𝐿𝑟 ∙ cos (𝛼)𝑑𝑆 𝑊 𝐷𝑟 , 𝐿𝑟 , 𝛼 𝑑𝐹𝑡𝑜𝑡 ~ ~ 
 
A sample MATLAB® code for the calculation of the blade design is provided in Appendix 
J. In that section, all the assumed parameters and flight conditions are listed in a table.  
 
4.2.2. Autorotation Analysis 
Once the blade is designed, we needed to analyze it to understand its performance. The 
blade performance can me analyzed using rotational and linear motion Newtonian physics. Each 
blade element 𝜇 is producing a vertical force which we define as 𝑑𝐹𝑡𝑜𝑡 The summation of the force 
from each of these points along the span of the blade times the number of blades equals the total 
vertical force 𝐹𝑇𝑂𝑇. These forces are dependent upon the rotational and downward velocity of the 
blade. In order to understand the rotational motion of the recovery system, the torque 𝛵 must be 
found using the horizontal force 𝐹ℎ𝑟 in the Ω𝑟 direction from Figure 4.5. Once the total torque is 
found, the angular acceleration 𝛼𝑡 and angular velocity at any time 𝜔 be found based on the 
moment of inertia of the blades 𝐼. 
 
𝐹𝑇𝑂𝑇 = ∑ 𝑑𝐹𝑡𝑜𝑡
𝑅
𝑟=0                                             (4-13) 
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     𝐹ℎ𝑟 = 𝐷𝑟 cos(𝛼) − 𝐿𝑟sin (𝛼)                                             (4-14) 
 
  𝛵 = ∑ (𝐹ℎ𝑟 𝑟)
𝑅
𝑟=0                                                    (4-15) 
 
                       𝛼𝑡 =
𝛵
𝐼
                                                         (4-16) 
 
  𝜔 = 𝜔0 + 𝛼𝑡𝑑𝑡                                                  (4-17) 
 
As for the vertical analysis of the recovery system, a simple application of Newton’s 2nd 
law of motion can find the resultant acceleration, velocity, and height of the rocket on its recovery 
path. 
 
       𝑎 =
𝐹𝑇𝑂𝑇−𝐹𝑔
𝑚𝑟𝑜𝑐𝑘𝑒𝑡
                         (4-18) 
 
                    𝑣 = 𝑣0 + 𝑎𝑑𝑡                                                        (4-19) 
 
                       ℎ = ℎ0 + 𝑣𝑑𝑡 +
1
2
𝑎𝑑𝑡2                                       (4-20) 
 
 
4.2.3. Parachute Analysis 
 When we chose the size of the parachute, we analyzed the force on the main body of the 
rocket over time when the parachute is deployed. The parachute loads can be analyzed with 
aerodynamic, Newtonian, and kinematic equations. Eq. 4-21 shows the force of drag 𝐹𝐷 the 
parachute will have for an initial velocity. Where 𝜌 is the density of air, 𝐶𝐷 is the coefficient of 
drag of the parachute, 𝐴 is the area of the parachute and is 1.19 m2, and 𝑉0 is the initial velocity 
of the main body of the rocket when the parachute deploys.  
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       𝐹𝐷 =
1
2
𝜌𝐶𝐷𝐴𝑉0
2                    (4-21) 
 
 Eq. 4-22 shows the acceleration of the parachute, 𝑎. Where 𝐹𝑔 is the force of gravity, 𝑚 is 
the mass of the main body of the rocket, and 𝐹𝐷 is force of drag previously calculated in Eq. (4-
21).  
                         𝑎 =  
𝐹𝐷−𝐹𝑔
𝑚
            (4-22) 
 
 Equation (4-23) shows the final descent velocity of the rocket after time 𝑡. 𝑉0 is the initial 
velocity, 𝑎 is the acceleration of the rocket, and 𝑑𝑡 is the time step in seconds.  
 
           𝑉𝑓 = 𝑉0 − 𝑎𝑑𝑡       (4-23) 
  
A MATLAB® code was developed for the calculation and analysis of the force the 
parachute has on the main body when deployed. The code can be found in Appendix K. Table 4.3 
outlines the methodology to calculate the force on the main body when the parachute is deployed. 
Table 4.4, in the results and analysis section, illustrates the parameters we assumed during the 
analysis, namely 𝑉0, 𝜌, 𝐶𝐷, and 𝑚. 
 
 
Table 4.3. Parachute force calculations. 
Equation Given/ Assumed Previously Calculated Unknowns 
𝐹𝐷 =
1
2
𝜌𝐶𝐷𝐴𝑉0
2 𝜌, 𝐶𝐷, 𝐴, 𝑉0 ~ 𝐹𝐷 
𝑎 =  
𝐹𝐷 − 𝐹𝑔
𝑚
 𝐹𝑔, 𝑚 𝐹𝐷 𝑎 
𝑉𝑓 = 𝑉0 − 𝑎𝑑𝑡 𝑉0, 𝑑𝑡 𝑎 𝑉𝑓 
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4.3 Results and Analysis 
 In our first launch on January 19, 2019, our motors failed to generate enough thrust to lift 
our rocket off the lift rail. The recovery system was ground tested at the launch site, including the 
black powder separation with the parachutes packed into rocket body. During the testing, the 
parachutes ejected from the rocket body and completely unwound from their folded position. Other 
than ground tests, there was no other way to test the parachutes. Without a launch, we cannot 
determine if the parachutes would bring both the rocket-body and nosecone to descent velocities 
for a safe landing. Figure 4.6 shows the force the parachute will exert on the nosecone bulkhead 
when deployed as a function of time. Equations 4-21 through 4-23 explain the calculations needed 
to perform the analysis. Table 4.3 shows the parameters we assumed during the analysis. The 
overall force is in newton’s and the analysis was run for 2 seconds. The force the parachute has on 
the nosecone bulkhead the moment after it is deployed is about 700 N. Over the next couple 
seconds, the overall force drops exponentially. The range safety officers at the site we launched 
from said an autorotative system would not be allowed to be part of the launch at most sites in 
New England. This is due to the smaller size of the launch sites in the New England area and the 
concern over the rocket drifting a significant distance downrange. If we wanted to use an 
autorotation system, we would have to travel to a site with a very large field. Even though we were 
unable to fly an autorotation system, we completed the analysis to design 3D printed blades.  
 
Table 4.4. Assumed parameters of parachute analysis. 
Variable  Name  Assumed value (with units) 
𝜌 Air Density  1.225 
𝑘𝑔
𝑚3
 
𝐶𝐷 Coefficient of Drag  0.75  
𝑚 Mass of the Main Body of the Rocket  3.5 kg  
𝑉𝑖 Initial Velocity When Parachute is Deployed  49.05 
𝑚
𝑠
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Figure 4.6. Force from parachute on nosecone. 
 
Table 4.5. Assumed parameters of blade design. 
Variable Value Units 
𝑊 4.5 kg 
𝑣𝑤 -6 
𝑚
𝑠
 
𝑐 0.0838 or 3.3 m or in 
N 3 ~ 
𝑅 0.58 or 22.8 m or in 
Ω𝑅 35 or 60 
𝑚
𝑠
 or 
𝑟𝑎𝑑
𝑠
 
 
Using the equations from Table 4.2, values from Table 4.5, MATLAB®, and XFLR5® we 
performed analysis and generated plots for parameters for designing an optimized autorotation 
recovery system. We started the analysis by inputting the equations we determined from 
literature in Table 4.2 into MATLAB®. The code created in MATLAB® can be found in 
Appendix J and K. Beginning with the downward velocity, we determined the goal was to get the 
downward velocity to equal 6 m/s. The downward velocity is the final, terminal velocity the 
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descending rocket should have with an autorotation recovery system in use. Downward velocity 
is one of the final parts of the analysis, along with the forces of lift and drag generated by the 
blades. So, by setting a downward or terminal velocity, we worked backwards through our 
calculations to generate plots of desired blade characteristics, shown in Figures 4.7 through 4.15. 
All calculations were performed using MATLAB®. We also started our aerodynamic analysis 
with the blades in a small rotational velocity less than 1 rad/s, this allows for analysis to begin at 
angles of attack where the blades will behave as designed and produce torque. The analysis is 
simplified because the blades have an initial angular velocity instead of having no angular 
velocity when first released into position by the spring system. 
 
Figure 4.7. Coefficient of lift and drag along the span of the blade. r/R=1 corresponds to the 
point on the blade at the tip. 
 
Figure 4.7 shows the results of Eq. (4-5) and (4-12) which produced the coefficients of lift 
and drag along the span of the blade. The equations produced coefficients of lift and drag along 
the span of the blade based on an estimated appropriate rotational speed of 35 m/s or 60 rad/s and 
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a desired decent velocity of 6 m/s. This rotational speed means that the required coefficients of lift 
and drag are low enough to be possible at low Reynolds numbers, but the rotational velocity is not 
so fast that it would take too much time for the blades to spin up. 
 
Figure 4.8. Angle of relative wind along the span of the blade. The angle is defined as 
shown in Figure 4.5. 
 
Figure 4.9. Reynolds number at equilibrium speed. 
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At the final equilibrium conditions, the relative wind at the tip of the rotor blade is at an 
angle of attack of 9 degrees and a Reynolds number of 200,000. Because the angle of relative wind 
is based on a sine function in Eq. (4-7), it grows exponentially as it approaches the root of the 
blade, reaching 90 degrees at a very low Reynolds number of 50,000. Because of this we needed 
to twist the blades along the span of the blades.  
 
Figure 4.10. Angle of blade twist and angle of attack at equilibrium speed. 
  
Figure 4.10 shows the blades angle of twist phi ψ and angle of attack alpha α, shown in 
Figure 4.5, versus speed. Once a twisted airfoil is designed, its performance needs to be analyzed 
using blade element theory, simple aerodynamic principals, and simple Newtonian physics. 
Because XFLR5 produces separate files for each airfoil and Reynolds number when exporting the 
simulated wind tunnel data to text documents, we made the simplification of only using a singular 
airfoil shape, a simple NACA 6420, analyzed at one Reynolds number, 200,000, which was at the 
top end of our design Reynolds numbers. We still used the calculated angles of optimal twist for 
the blade in order to maintain reasonable angles of attack that would produce laminar flow over 
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the airfoil. XFLR5 cannot predict turbulent flow. When calculating forces exerted on the 
descending rocket, we neglected the drag that would be produced by the rocket body and any 
possible drogue parachute used to pull the recovery system out of the rocket body. 
We now present the descent trajectory for the rocket using an autorotation recovery system. 
The model equations used to calculate this trajectory were presented in Section 4.2.2 and the all 
the assumed parameters and initial conditions for this sample case result are summarized in Table 
4.6 and use the applicable values from Table 4.5 as well. We began with the blades in decent and 
already spinning because we did not have any aerodynamic data on their behavior at high angles 
of attack and low velocities. The model we developed is not a physical one because of our inability 
to replicate induced drag which would drastically reduce the acceleration that the blades are 
capable of. Because we do not have variable data for each Reynolds number that the blades will 
experience, the effects of the coefficients of lift and drag do not represent accurate of the airfoils 
throughout the recovery process. Our model merely shows that the autorotation system would slow 
the rocket to a predictable velocity, but the accelerations, velocities, and therefore timeline does 
not represent a physically accurate model. 
 
Table 4.6. Assumed parameters of blade analysis. 
Variable  Value Units 
𝐼 4.5 
𝑘𝑔 𝑚2
𝑠
 
𝑣0 -1 
𝑚
𝑠
 
𝜔0 1  
𝑟𝑎𝑑
𝑠
 
h 457 or 1,500  m or ft 
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Figure 4.11. Rocket altitude lost as a function of time from deployment. 
 
From Figure 4.11, we can see that a 4.5 kg rocket falling from 1,500 feet or 457 meters 
will reach the ground after 82 seconds. For the first 210 meters the rocket is falling quite quickly 
and represents the absolute minimum altitude that the rocket would need to reach in order to safely 
land using the autorotation recovery method. When accounting for the delay between the rocket 
apogee and the full deployment of the autorotation system as well as the physical inaccuracies of 
the model, more height would need to be added to that minimum altitude estimate. The autorotation 
system would most likely have a larger downward velocity than the 1 m/s that we began our 
recovery system at. 
Figure 4.12 shows the vertical acceleration of the rocket for roughly 85 seconds. The rocket 
begins at a gravitational -9.81 m/s2 and quickly begins slowing down rapidly around 8 seconds at 
which point the lift produced by the blades far exceeded the weight of the rocket. It reaches a 
maximum acceleration of 4.7 gees which is incredibly high. This acceleration in a physically 
accurate model would not be as rapid. The blades keep accelerating because of larger coefficients 
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of lift and higher velocities as the relative wind angle reaches 10º at this point the coefficients of 
lift begin to shrink and the blades run out of momentum. In this model the jolt only lasts a second 
but could be enough to snap a shock cord. This rapid acceleration is due to the analysis of the 
blades not accounting for velocity induced drag which would drastically increase the drag 
produced by the blades and decrease the blade acceleration. The rocket then stabilizes around 20 
seconds and does not accelerate further. 
 
 
Figure 4.12. Vertical acceleration of rocket as a function of time from deployment. 
 
From Figure 4.13, the maximum velocity of the falling rocket is -35 m/s and reaches a 
much lower value of -1.5 m/s after the large deceleration the autorotation system produces. The 
rocket reaches equilibrium at -3.7 m/s because the blade being analyzed is one airfoil and does 
not follow the coefficients of lift and drag along the span of the blade set though the design 
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process in Section 4.2.1 and shown in Figure 4.7. In order to increase the equilibrium downward 
velocity, a blade that produces less lift at the tip should be used. The increased downward 
velocity would ensure that the rocket does not drift as far during decent. 
 
Figure 4.13. Descent velocity of rocket as a function of time from deployment. 
  
Figure 4.14. Rotor acceleration as a function of time from deployment. 
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Figure 4.15. Rotor rotational velocity as a function of time from deployment. 
  
In Figures 4.14 and 4.15, we can see that the rotor blades spin up quickly, reaching a 
maximum acceleration of 80 rad/s2 and a maximum angular velocity of 128 rad/s. Because these 
blades are not the designed for the desired 60 rad/s, the resulting angular velocity is 77 rad/s at the 
equilibrium condition. 
 The idea for integrating the autorotation system into the rocket consisted of the blades 
being packaged inside of our 4-in rocket body attached to a central rotating hub shown in figure 
4.16. The hub would be attached to a vertical axel which when ejected is attached to the rocket 
body via a shock cord. The easiest way to make this work would be to have a one way bearing 
inside of the hub attached to the axel by industrial hairpins. The blades would need to be folded 
up, placed inside of the rocket body. When ejected, the blades deploy on a spring hinge system 
and begin to spin. 
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Figure 4.16. Recovery system with central hub. 
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Chapter 5. Conclusions and Recommendations 
5.1 Summary 
 Overall, this MQP set out to develop novel systems for propulsion, stage separation, and 
recovery systems of model rocket. We conducted analysis on motor configurations and a heat 
transfer modeling. We also developed and manufactured a custom CO2 separation system 
prototype but did not complete testing. We optimized the electromagnetic stage separation 
methods used in the WARRIORS I and II MQPs. Finally, we designed an autorotation system for 
recovering the rocket. 
 
5.2 Conclusions and Future Recommendations 
5.2.1 Propulsion System 
Motor Clustering 
 The PSR team attempted to cluster three H motors in parallel in the airframe of the rocket 
to minimize the airframe length and to investigate the modifications that would need to be made 
to traditional motor mounts and ignition systems. We successfully designed and manufactured 
motor mount components to align the clustered H motors within the airframe. We also successfully 
used a clip whip to attach all three H motors to the launch site ignitor power supply in parallel as 
a requirement for simultaneous ignition. However, testing the motor cluster propulsion system 
resulted with a failed ignition and proved motor clustering to be a risky and unreliable propulsion 
system option. In addition, the current recommendation by the NAR on the required thrust level 
for each individual motor (5x the weight of the rocket) restricts most motors from being used for 
clustering depending on the weight of the rocket. 
 We recommend that motor clustering be considered a low priority when testing innovative 
rocket systems at a launch, as an unsuccessful ignition can prevent all other rocket systems from 
being tested. If a team wishes to investigate motor clustering as an advanced propulsion system, 
they will need to sacrifice other more advanced subsystems to minimize the overall weight of the 
rocket, as this will allow an individual motor thrust level to exceed that of the NAR recommended 
thrust level. Also, starting off by using a two-motor cluster will greatly increase the chances of 
simultaneous ignition at the cost of having only axial symmetry instead of radial symmetry.  
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Igniter Systems 
We investigated three of the most popular model rocket igniter systems - electric match, 
ignition powder, and pyrogen – and decided to use the electric match igniter for our rocket. This 
type of igniter consists of high-resistance wire, often nichrome, with a solidified pyrogen along 
the length which heats up along with the wire when a current is passed through. When the pyrogen 
heats up enough, it sparks and ignites. The system is analogous to a lightbulb filament, burning 
when enough current passes through. 
We made our own igniters with 32-AWG nichrome wire and QuickBurst’s H3-Compound 
pyrogen dip. After manufacturing the igniters, we tested them to see if they would work with the 
voltage and current, we planned on launching our rocket with. Overall, the test was a success, but 
on launch day, the cold temperatures meant more current was needed to heat up the amount of 
wire in the igniter. When we performed our ground test of the black powder ejection system, the 
launch site officials directed us to use commercial igniters instead as they were more reliable, and 
the ground testing went off without further problems. 
In the future, it would be wise to have a specific plan to ensure the correct wire length for 
each igniter and that each igniter has made with the same amount of pyrogen. Had we intended to 
make more for future launches, we would have made a more detailed procedure, possibly involving 
weighing the pyrogen added to each wire or making them in a mold, which we recommend to any 
future teams attempting to make their own igniters. Additionally, we’ve learned through talking 
with the launch site officials that many launch sites do not allow the use of homemade igniters at 
all, and that it’s helpful to be in contact with the officials to prepare ahead of time for what they 
do and do not allow. 
 
0-Dimensional Combustion Model 
 An attempt to complete a 0-Dimensional (0D) combustion model of the rocket motor 
proved to be semi-successful. The goal was to create a zero-dimensional model in which a 
propellant burn rate, from the literature, was used to calculate the mass flow of combustion 
products into the chamber. The pressure and temperature were to be considered independent 
variables. The propellant combination was aluminum and ammonium perchlorate, and the products 
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of combustion were to be determined using the chemical kinetics software package called Cantera. 
With the composition of the combustion products estimated using Cantera, the mixture properties 
(e.g. molecular weight, specific heats, etc.) could be determined and used to calculate the minimum 
throat area required using ideal isentropic flow relations. These relations could also be used to 
calculate thrust and specific impulse. These results could them be compared with published data 
for actual hobby motors where available.    
While not completed in this project, the model equations are presented. A suggestion for 
future work on the 0-dimensional model is to consider several different mixtures of the fuel and 
the oxidizer. Also, a more extensive effort to obtain propellant mixture and estimated operating 
conditions for hobby motors would be helpful.  
 
Heat Flux Modeling and Simulations 
The PSR team attempted to estimate the heat flux through the aluminum casing so that the 
MSAT team could conduct thermal analysis on the motor body tubes. For the transient heat flux 
solution, there were many limitations as discussed in the heat flux modeling and simulations results 
section. An area for future work could be to use a time-dependent conductive heat transfer equation 
to estimate the heat flux solution. This would capture the temperature change at the boundaries 
versus time, which add much more complexity as this would turn into a partial differential equation 
with time and spatial derivatives. Therefore, a more realistic solution approach is to use a partial 
differential solver software such as COMSOL. 
 There are also several areas for future work estimating the heat flux in COMSOL. Although 
the temperature distribution and heat flux were found from purely conductive heat transfer through 
the solids, adding the convective heat transfer effect in the fluid would change the overall 
temperature distribution and provide a more accurate model for the combustion process in the 
motor. However, we were not able to get a working solution using COMSOL. Therefore, an area 
for future work would be to begin with a simpler COMSOL model and build up complexity 
gradually. This would eventually include defining the boundary conditions of the model so that 
convective heat transfer would result from the fluid flow. In addition, there are several model 
improvements that can be made to more realistically model the motor that we were using for 
launch. The motor did use a tubular grain as modeled in our current simulation; however, the 
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propellant grain likely contains around 20% aluminum and 1-5% binder material, which would 
likely change the thermodynamic properties that were used in the model (pure ammonium 
perchlorate was used). Therefore, another area for future work would to develop a more accurate 
estimate of the propellant grain properties to be used in the model. Furthermore, the fluid flow was 
purely one-dimensional and did not consider the mass flow that was leaving the combustion 
chamber. This is a much more complicated problem. 
 
5.2.2 Stage Separation Systems 
Carbon Dioxide (CO2) Stage Separation System 
 We developed a model of the flow of CO2 out of a cartridge and into the rocket body tube. 
Based on comparison to Dutton’s models of the discharge and charge of pressurized vessels, these 
models predict reasonable values of the changing pressure in the cartridge during the regime of 
choked flow. The final pressure in the rocket tube at the end of the choked flow stage is 
approximately 219,671 Pa (31.9 psi) after 0.063 seconds, which is greater than the necessary 
pressure to jettison the nosecone 206,288 Pa. When we subtracted the pressure necessary to 
overcome friction on the nosecone, the pressure differential is 116,804 Pa (16.9 psi). Therefore, 
based on experimental values gathered from model rocketry resources, the attainable pressure is 
enough to eject the nosecone during flight [15, 41]. We were unable to test this value because the 
CO2 assembly experienced a motor failure and was not moved to the final phase of testing. We 
recommend this configuration be tested to verify this flow model. 
We developed a custom CO2 stage separation system and we constructed a prototype and 
performed initial testing. However, the electric drive motor we purchased did not produce enough 
torque to function as intended and the additional motors did not arrive in time for the conclusion 
of the project. Therefore, the system was not successfully tested. Each individual part of the system 
functioned during testing of the magazine or firing mechanism, but they did not function properly 
as a whole. The biggest challenge that we faced during the design of the system was the amount 
of force needed to hold down the release button on the magazine when it contained a loaded CO2 
cartridge. The limited size of the rocket body and limited availability of micro-linear actuators able 
to impart enough force were strong factors that guided our design decisions on the firing 
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mechanism. If more time was available to test the firing mechanism, our next step would be to test 
the system with additional motors and then install it into the rocket for separation testing. 
Regarding future work on the CO2 separation system, we recommend that future groups reduce 
the complexity of the system and move. 
 The material testing planned for this project was not completed due to time constraints and 
machine unavailability. We recommend that future project teams use our polylactide (PLA) tensile 
testing specimens to collect the tensile strength of the material. The data collected from the testing 
can be imported into a custom material in SOLIDWORKS® to perform a more accurate stress 
analysis of the 3D printed parts. 
Due to the failure of the main engine at our attempted launch, the black powder charge was 
not detonated mid-flight. The overall lesson learned from the range safety officers was that the 
amount of untested new systems on the rocket was problematic.  
 
Electromagnetic Booster Separation System 
 We improved the electromagnetic booster separation system by drastically improving its 
requirements including current and mass. The main reason for the improvement was due to an 
accurate representation of the equations and models needed for this system. These requirements 
include the amount of current needed for ejection and the mass needed for the system. By 
creating a model, which was later tested to be accurate, that portrayed the relationship of electric 
circuit elements and current, an optimized result can be found. This model could be altered 
depending on the circuit properties including resistance, capacitance, voltage, etc. By lowering 
the current needed for successful ejection, the mass was reduced mainly due to the size of the 
capacitor required.  
 After creating this model, physical measurements were required to assure the accuracy of 
the model. By using an oscilloscope, the voltage and the current could be detected in a circuit. 
By comparing the model and these measured values, a comparison could be made. This 
comparison proved the reliability of the model. Not only that, but during these tests, successful 
ejection with the electromagnet could be seen.  
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 Given more time, fully integrating the system in the rocket would have been the next 
goal. There was not enough time to continue testing the prototype of the electromagnetic system. 
Further testing would have led to dual electromagnetic activation for more accurate results. Any 
changes to the system would then be made based on the results of this test. Ultimately, actual 
testing during rocket flight would prove the capabilities of this system. Since the electromagnetic 
system was not flight ready by the time of flight it could not be tested.  
 
5.2.3 Recovery System 
The concept of an autorotation recovery system can be explored much further than what 
we were able to in this MQP. Because of the nature of rotating aerodynamic systems, many levels 
of complexity can be added to the analysis. Our analysis of the autorotation recovery system proves 
that it is possible to safely land a rocket using deployable autorotation blades and predict its 
performance. Because of the many simplifications and assumptions made to the analysis, for a 
truly accurate model of the system more analysis needs to be completed in future projects. 
 More accurate blade analysis would include: 1) blade geometry with varying chord lengths 
along the span of the blade, 2) detailed aerodynamic calculations for the forces close to the root of 
the blades, which were ignored in this project, 3) data on how the airfoils behave whenever they 
are beyond the stall point, 4) an analysis of the behavior of the tip vortices, and 5) an analysis that 
takes into account how the Reynolds number affects the recovery performance. Further analysis 
could include developing an actual blade model that can be analyzed in ANSYS®. This analysis 
would be much more accurate because of the nature of data produced by XFLR5, which develops 
different data sets for each Reynold’s number, the simplification of having to analyze the entire 
blade section with the only variables being the differential along the span of the blade and the 
velocity of rotation of the blade. The entire system could be modeled ANSYS® and data could be 
gathered on the effects of the central hub and rocket body on the drag that the system produces. A 
more realistic analysis could even explore how side wind gusts would influence the behavior and 
stability of the rocket. 
Because of the relative lack of previous research into the possibility of recovering a rocket, 
we attempted to begin an analysis process that could be further explored by more projects. The 
   
 
   
  139 
ability to recover a rocket using an autorotation system allows for many new capabilities such as 
controlling landings more accurately through having rotating blades or having softer landings by 
designing blades that reach the minimum downward velocity just as they approach the ground.  
Due to complications at the launch site and advice from range safety officers, multiple 
unproven systems in one rocket was generally ruled too risky for one flight. In future launches it 
would be wise to include only one or two experimental systems per launch to mitigate any failure 
percentages and improve the overall safety of the rocket launch itself. 
 
5.4 Overall Project Broader Impacts  
 This project has proven the feasibility of creating innovative systems of the field of model 
rocketry. The systems developed could possibly be commercialized and sold to consumers in the 
field once the systems have gone through a stringent series of safety tests and possibly more design 
iterations. The lessons learned from both the successes and failures that happened during this 
project are immeasurable.   
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Appendix A: Impulse-Mass Trade Study 
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Appendix B: Program Cost Breakdown
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Appendix C: Master Gantt Chart 
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Appendix D: System of Equations for 0D Combustion Modeling (MATLAB®) 
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Appendix E: Thermodynamics Computational Code for 0D  Combustion  
     Model (Cantera) 
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Appendix F: CO2 Saturation Properties [50] 
Temperature [K] Pressure [MPa] Cv [J/mol K] Cp [J/mol K] 
298.04 6.4179 47.012 280.72 
297.64 6.359 46.685 267.64 
297.23 6.3 46.388 256.06 
296.83 6.2409 46.118 245.72 
296.42 6.182 45.871 236.44 
296 6.123 45.645 228.06 
295.58 6.064 45.437 220.45 
295.16 6.0049 45.245 213.5 
294.74 5.946 45.067 207.13 
294.31 5.8869 44.902 201.27 
293.88 5.8279 44.748 195.86 
293.45 5.7689 44.604 190.84 
293.01 5.71 44.469 186.17 
292.57 5.651 44.342 181.81 
292.12 5.592 44.222 177.73 
291.67 5.5329 44.108 173.91 
291.22 5.4739 43.999 170.31 
290.76 5.415 43.895 166.93 
290.3 5.356 43.796 163.74 
289.84 5.2969 43.701 160.72 
289.37 5.2379 43.609 157.86 
288.89 5.1789 43.52 155.16 
288.42 5.1199 43.434 152.59 
287.94 5.0609 43.351 150.15 
287.45 5.0019 43.27 147.83 
286.96 4.9429 43.192 145.62 
286.47 4.884 43.115 143.51 
285.97 4.8249 43.039 141.49 
285.46 4.766 42.966 139.57 
284.95 4.707 42.893 137.73 
284.44 4.6479 42.822 135.97 
283.92 4.589 42.752 134.28 
283.4 4.5299 42.683 132.66 
282.87 4.471 42.615 131.11 
282.34 4.4119 42.548 129.61 
281.8 4.3529 42.482 128.18 
281.25 4.2939 42.416 126.79 
280.7 4.235 42.351 125.46 
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280.14 4.1759 42.286 124.17 
279.58 4.1169 42.222 122.93 
279.01 4.058 42.159 121.73 
278.44 3.999 42.096 120.57 
277.86 3.94 42.034 119.45 
277.27 3.881 41.973 118.37 
276.68 3.8219 41.912 117.31 
276.08 3.763 41.853 116.3 
275.47 3.704 41.794 115.31 
274.85 3.6449 41.736 114.35 
274.23 3.5859 41.68 113.42 
273.6 3.5269 41.624 112.51 
272.96 3.4679 41.571 111.63 
272.32 3.4089 41.518 110.78 
271.66 3.35 41.468 109.95 
271 3.2909 41.419 109.14 
270.33 3.2319 41.373 108.35 
269.65 3.173 41.329 107.58 
268.96 3.1139 41.287 106.84 
268.26 3.0549 41.248 106.11 
267.55 2.996 41.211 105.4 
266.83 2.937 41.178 104.7 
266.1 2.878 41.148 104.03 
265.36 2.819 41.12 103.36 
264.6 2.7599 41.097 102.72 
263.84 2.701 41.076 102.09 
263.06 2.6419 41.06 101.47 
262.27 2.583 41.046 100.87 
261.47 2.5239 41.037 100.28 
260.65 2.4649 41.031 99.701 
259.82 2.4059 41.029 99.136 
258.97 2.3469 41.03 98.582 
258.11 2.2879 41.035 98.04 
257.23 2.229 41.044 97.509 
256.33 2.17 41.056 96.988 
255.42 2.111 41.071 96.478 
254.49 2.0519 41.09 95.977 
253.53 1.993 41.112 95.487 
252.56 1.9339 41.137 95.005 
251.56 1.8749 41.164 94.533 
250.54 1.8159 41.195 94.07 
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249.5 1.7569 41.229 93.616 
248.43 1.6979 41.265 93.17 
247.33 1.6389 41.304 92.733 
246.21 1.58 41.346 92.304 
245.05 1.5209 41.391 91.883 
243.86 1.4619 41.439 91.471 
242.63 1.403 41.49 91.066 
241.36 1.344 41.544 90.669 
240.06 1.2849 41.602 90.279 
238.7 1.2259 41.664 89.898 
237.3 1.1669 41.73 89.524 
235.85 1.108 41.801 89.157 
234.33 1.0489 41.876 88.798 
232.75 0.98995 41.957 88.447 
231.11 0.93095 42.044 88.103 
229.38 0.87195 42.137 87.768 
227.56 0.81295 42.238 87.441 
225.64 0.75395 42.347 87.123 
223.6 0.69495 42.465 86.815 
221.43 0.63595 42.595 86.518 
219.11 0.57695 42.737 86.232 
216.59 0.51795 42.895 85.96 
  
   
 
   
  164 
Appendix G: CO2 Transient Flow Calculations MATLAB® Script 
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Appendix H: Electromagnetic Prototype Testing 
Proper Lab Safety Procedures  
There must be at least two people during electromagnet activation due to potentially dangerous 
amount of current and voltage. 
Document any experiments on the Experiment Journal that can be found in the Google Drive. 
Magnet Force Testing 
Purpose: 
By calculating the force measured, we can predict the force (against a theoretical flat plate) and 
determine the force coefficient. (WARRIORS found it to be 0.46) 
Materials: 
-        Neodymium Boron Magnet 
-        Fish scale 
-        Steel cylinder of similar size 
Procedure: 
-        Attach magnet to fish scale 
-        Connect metal to magnet 
-        Pull metal until separation, measure quantity 
Electromagnet Activation 
Purpose: 
Test and analyze activation of one electromagnet. Successful separation requires timely and 
sufficiently powerful activation from the electromagnet. Test the range of capacitors and 
measure the magnetic field given from each. Test out fabrication methods for optimum 
efficiency. 
Materials: 
-        Capacitor 
-        Resistors 
-        Magnet Wire 
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-        Permanent magnet 
-        Current Oscillator 
-        Steel core 
-        Batteries 
Procedure: 
-        Construct functioning circuit 
• When capacitor discharges, electromagnet exerts magnetic field 
-        Measure strength of different capacitors 
• Place permanent magnet above 
-        Choose the capacitor that exerts enough force 
-        Fabricate electromagnet for practice 
Purpose: 
Test an analyze separation of all electromagnets simultaneously. 
Materials: 
-        Capacitor 
-        Resistors 
-        Magnet Wire 
-        Permanent magnet 
-        Current Oscillator 
-        Steel core 
-        Batteries 
Procedure: 
After all of this testing we will begin implementation of the separation system on the main 
rocket. 
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Appendix I: CAD Model of Electromagnet Separation System 
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Appendix J: Autorotation Code 
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Appendix K: Parachute Load Code  
 
 
 
 
 
 
